Western University

Scholarship@Western
Digitized Theses

Digitized Special Collections

2010

Design, Development, and Biomechanical Testing of a Novel
Prosthetic Replacement for the Coronoid Process
Alia Brianne Gray

Follow this and additional works at: https://ir.lib.uwo.ca/digitizedtheses

Recommended Citation
Gray, Alia Brianne, "Design, Development, and Biomechanical Testing of a Novel Prosthetic Replacement
for the Coronoid Process" (2010). Digitized Theses. 3740.
https://ir.lib.uwo.ca/digitizedtheses/3740

This Thesis is brought to you for free and open access by the Digitized Special Collections at
Scholarship@Western. It has been accepted for inclusion in Digitized Theses by an authorized administrator of
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca.

D esign , D evelopm ent , and B iom echanical T esting of a
N ovel P rosthetic R eplacement for the C oronoid P rocess

(Spine Title: The Design and Development of a Coronoid Prosthesis)

(Thesis format: Integrated-Article)

ALIA BRIANNE GRAY

Graduate Program
in
Medical Biophysics

A thesis submitted in partial fulfilment
of the requirements for the degree of
Master of Science

The School of Graduate and Postdoctoral Studies
The University of Western Ontario
London, Ontario, Canada

© ALIA BRIANNE GRAY 2010

THE UNIVERSITY OF WESTERN ONTARIO
School of Graduate and Postdoctoral Studies
Certificate of Examination
Co-Supervisors

Examiners

Dr. Peter B. Canham
Dr. James A. Johnson
Dr. Ken Faber
Dr. Graham J.W. King
Dr. David W. Holdsworth
Advisory Member

Dr. George S. Athwal

This thesis by

Alia Brianne Gray
entitled:

Design, Development, and Biomechanical Testing of a Novel Prosthetic
Replacement for the Coronoid Process
is accepted in partial fulfilment
of the requirements for the degree of
Master o f Science

Date____________________________ __________________________
Dr. Daniel Goldman
n

DEDICATION

To my parents, with love.

ABSTRACT
The coronoid process is considered an integral structure for maintaining the stability of
the elbow joint. While most fractures of the coronoid are successfully treated with open
reduction and internal fixation, there is currently no reliable method to manage severely
comminuted fractures. A prosthetic device is required to replace the coronoid in the setting of
unreconstructable fractures. The stabilizing effect of a coronoid prosthesis, designed based on an
anthropometric characterization of the proximal ulna, was investigated in an elbow joint motion
simulator. The prosthesis was found to effectively restore stability to the coronoid deficient
elbow. Additionally, a biomechanical investigation was conducted to evaluate implant fixation
techniques. Cement was found to provide the most secure fixation, while screw fixation was also
found to provide acceptable initial fixation, pending osseous integration. Collectively, these
results indicate that the use of a coronoid prosthesis may be useful in treating severe
unreconstructable fractures of the coronoid process.

Keywords: elbow, coronoid process, prosthesis, fracture, hemi-arthroplasty,
biomechanics
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CHAPTER 1 - Introduction
O v e r v ie w
This chapter reviews the anatomy and function o f the elbow joint with special
reference to fractures o f the coronoid process o f the ulna, the subject o f this
thesis. These fractures are discussed in terms o f mechanism, classification,
treatment,

biomechanics,

and outcome.

Study rationale,

objectives,

and

hypotheses are then presented.

1.1 E lbow A natomy
1.1.1 O steology

The elbow is composed of three bones; the distal humerus, proximal radius, and proximal
ulna1 (Figure 1.1). The proximal aspect of the joint is composed of the distal humerus. Two
condyles are formed medially and laterally as the humerus terminates distally, forming the
articular surfaces o f the trochlea and the capitellum. It is here that the three major articulations of
the elbow joint are formed; the ulnohumeral joint, the radiohumeral joint, and the radioulnar joint
(Figure 1.2).1

1 Medical terms and descriptions used throughout this thesis are described in the glossary, Appendix A.
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Figure 1.1: The Bones of the Elbow Joint
An anterior view o f the three bones which comprise the elbow; the humerus, radius, and
ulna.

Figure 1.2: Articulations of the Elbow Joint
The humerus, ulna, and radius articulate to form the three joints which compose the
elbow. The ulnohumeral and radiohumeral joints are form ed by the articulation o f the
distal humerus with the ulna and radius respectively. The proximal radioulnar joint is
form ed by the articulation o f the proximal ulna and radius.

3

The three articulations of the elbow provide it with two degrees of freedom; flexion
extension and forearm rotation (ie. supination-pronation). Rotation is provided by the
radiohumeral and radioulnar joints (Trochoid) while the ulnohumeral joint acts as a hinge
(Ginglymus) and is responsible for flexion and extension (Figures 1.3 and 1.4 respectively) '"4.
The articulation between the spool shaped trochlea and the greater sigmoid notch of the
proximal ulna forms the ulnohumeral joint

5‘7. The central depression of the trochlea, the

trochlear groove, runs from anterior to posterior, and articulates with the guiding ridge of the
proximal ulna. On both sides of this groove convex regions exist, the medial region being more
prominent and projecting further distally than the lateral, which correspond to the concave
regions of the proximal ulna 6. Two osseous depressions lie above the medial articular surface of
the distal humerus. The olecranon fossa, located posteriorly, receives the olecranon process of
the proximal ulna during extension while the anteriorly located coronoid fossa receives the
coronoid process o f the ulna during flexion 5; 6; 8. The congruent nature of these articular surfaces
contribute significantly to the inherent stability of the elbow joint, making the ulnohumeral joint
the prime osseous stabilizer of the elbow ' ,8' 10.

4

Figure 1.3: Elbow Pronation and Supination
Pronation and supination are defined as rotations o f the forearm causing the palm to
face downwards and upwards respectively. This motion is accomplished through the
rotation o f the radius with respect to the ulna at the proximal and distal radioulnar
joints.

Figure 1.4: Elbow Extension and Flexion
Zero degrees o f elbow flexion is defined with the arm in the fully extended position (left).
As the arm is flexed, reducing the angle between the forearm and arm, the flexion angle
increases (right).

5

The radiohumeral joint is formed by the articulation of the proximal radius and distal
lateral aspect of the humerus (capitellum). Proximally, the capitellum has a somewhat spheroidal
prominence and forms the articular surface of the joint. The distal aspect of the radiohumeral
joint is formed by the proximal radius. The surface of the radial head has a slightly oval concave
shape. As the elbow flexes and extends, the rim o f the radial head articulates with the
capitotrochlear groove, which runs from anterolateral to posteromedial, separating the capitellum
and trochlea 8. Proximal to the anterior aspect of the capitellum lies the radial fossa. In the fully
flexed position, this fossa receives the radial head 3' 5,6.
The proximal radioulnar joint is comprised o f the articulation of the proximal radius with
the proximal ulna. Rotation of the forearm is achieved as the radius crosses over the ulna in
pronation, or the reverse motion in supination (Figure 1.3). During rotation, the convex rim of
the radial head rotates within the concave lesser sigmoid notch of the proximal ulna ’ . The
important anatomical features of the humerus, ulna, and radius are illustrated in Figure 1.5.

6

Coronoid Fossa

Capitotrochlear
Groove

Epicondyle

Capitellum

msmsmw
Olecranon
Lateral Facet
Lesser Sigmoid

Radial Head

Figure 1.5: Morphological Features of the Elbow Joint
A disarticulated left elbow highlights the important osseous landmarks o f the joint.
Anterior views o f the distal humerus (top), proximal ulna (bottom right), and proximal
radius (bottom left) are illustrated.
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1.1.1.1 T he Coronoid Process
The coronoid process is an osseous projection which forms the distal aspect of the
trochlear notch (Figure 1.6). Somewhat triangular in shape, the coronoid projects anteriorly from
the proximal ulna. Although the structure is marked by several distinct structures and landmarks,
the anatomy of the coronoid process is both complex and variable

12.

The tip o f the coronoid process is the most anterior point of the structure, and marks the
distal boundary o f the greater sigmoid notch. Coronoid height is defined as the distance between
the tip and the base of the structure. Although the definition of the base itself varies within the
literature, several morphological studies report average coronoid heights between 16 and 19 mm
lj l5. In a recent study, Cowal and Pastor reported that the coronoid process was larger in males
than in females l2. The guiding ridge tracks within the trochlear groove of the humerus, dividing
the coronoid into the medial and lateral facets. The anteromedial facet, which is concave in
shape, projects medially from the greater sigmoid notch. Doornberg et al. described this structure
as being particularly vulnerable to injury, as it is relatively unsupported by the body o f the ulna
16. A second osseous eminence, the sublime tubercle, is found medial to the tip. This structure
serves as the site of attachment for the anterior bundle of the medial collateral ligament (MCL),
and protrudes as a distinct structure separate from the proximal ulnar metaphysis 3’ 1
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Figure 1.6: The Coronoid Process
A disarticulated left ulna highlights the important osseous landmarks o f the coronoid
process. The proximal most portion o f the joint (olecranon) was removed to reveal the
fu ll structure o f the coronoid process.
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Two facets exist lateral to the guiding ridge of the coronoid process. Adjacent to the ridge
is the lateral facet, which is a flat or slightly concave face that articulates with the lateral aspect
of the trochlea. The lateral most aspect of the coronoid process is marked by the lesser sigmoid
notch (LSN). This structure, with its concave face located in the sagittal plane, articulates with
the radial head to form the proximal radioulnar joint6.
The complicated and unique structure of the coronoid process functions to articulate
congruously with the trochlear groove of the distal ulna, rendering the ulnohumeral joint the
most important osseous stabilizer of the elbow joint 10.

1.1.2 J oint C apsule

and

L igaments

The soft tissue structures surrounding the elbow, which include the joint capsule and the
medial and lateral collateral ligaments, are responsible for providing passive stability to the
articulation ' ,4, l7'19.

1.1.2.1 J oint Capsule
The joint capsule, which is illustrated in Figure 1.7, functions to enclose the structures of
the elbow joint. Fibrous tissues make up the outer layer of this structure, while the inner surface
is composed o f a synovial membrane. This membrane lines the inner surface of the capsule, and
produces the synovial fluid responsible for lubrication of the jo in t1.
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Figure 1.7: The Elbow Joint Capsule
Anterior (a) and posterior (b) views o f the elbow joint capsule.
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Anteriorly, the capsule originates proximally on the coronoid and radial fossae, spanning
the medial and lateral epicondyles. The capsule attaches just distal to the coronoid process
medially and the annular ligament laterally. The posterior aspect of the capsule attaches above
the olecranon fossa proximally and extends distally to the medial and lateral articular margins of
the greater sigmoid notch, and blends laterally with the annular ligament ’ . Ablove et al.
reported the site o f attachment of the anterior capsule to be 2.36 ± 0.39 mm (mean ± standard
deviation) distal to the coronoid tip, suggesting that most, if not all, coronoid fractures involve
the anterior capsule l3.
The medial and lateral aspects o f the capsule thicken into the medial and lateral collateral
ligaments of the elbow, respectively 2’3’ ,9. These bands o f fibrous connective tissue function to
connect bone to bone and mechanically stabilize the joint. While ligaments provide minimal
resistance to normal joint motion (ie. flexion-extension and rotation), they function to resist
abnormal translations and rotations, protecting the elbow from injury 7’ 19,2°.

1.1.2.2 M edial Collateral Ligament
The medial collateral ligament (MCL), is comprised of three parts; the anterior, posterior,
and transverse bundles (Figure 1.8) M 6' 7 : i '

The most discrete component of this ligament is

the anterior bundle (AMCL), which is divided into two equal parts, the anterior and posterior
bands 3; 6; 23; 24. Morrey et al. reported this obliquely oriented component to have a mean length
(and standard deviation) of 27.1 ± 4.3mm l7.
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Figure 1.8: The Medial Collateral Ligament (MCL)
The anterior bundle (A MCL), posterior bundle (PMCL), and transverse bundle comprise
the medial collateral ligament o f the elbow.
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The anterior bundle arises from the anterior inferior edge of the medial epicondyle while
the insertion is on the sublime tubercle 0 7 17 21. Injury to the AMCL has been shown to disrupt
the native stability of the elbow, as it is considered the primary constraint to valgus instability 9
22; 23; 25-30

The posterior bundle (PMCL) is a fan like thickening of the posteromedial joint capsule,
originating on the medial epicondyle o f the humerus, just posterior to the insertion o f the anterior
bundle 6' l7,23,24. The insertion of the posterior bundle is located adjacent to the articular surface
of the medial portion of the olecranon ' ’ ’ . Although isolated sectioning of the posterior
bundle results in only small kinematic deviations, the structure has been recognized as an
important secondary stabilizer

’ ’ . While shorter in length in comparison to the anterior

bundle, the posterior bundle of the MCL on average is larger in width 17.
The transverse bundle of the MCL is composed of horizontally oriented fibers which
form a connection between the coronoid and the olecranon. This ligament, which is not well
defined, is believed to contribute little to elbow stability, as it both inserts and originates on the
u ln a3;8; 17;21>22;27;32

1.1.2.3 Lateral Collateral Ligament
The Lateral Collateral Ligament, the primary constraint to posterolateral rotatory
instability of the elbow

18"

T T

"3 "2 7 Q

’ ’ ' , is comprised of three distinct structures: the annular ligament

(AL), the radial collateral ligament (RCL) and the lateral ulnar collateral ligament (LUCL)
(Figure 1.9) 3;17;18;4°.
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Figure 1.9: The Lateral Collateral Ligament (LCL)
The annular ligament (AL), radial collateral ligament (RCL), and lateral ulnar collateral
ligament (LUCL) compose the lateral collateral ligament o f the elbow joint.
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In contrast to the rather consistent pattern of the MCL, the components of the LCL are
less discrete and more variable ’ . The annular ligament is formed by a strong band of tissue
which originates and inserts on the anterior and posterior margins of the lesser sigmoid notch.
This structure forms four fifths of a circle, wrapping around the radial head, and tapering distally
giving it a funnel like shape l7. The AL acts to maintain contact between the radius and ulna at
the proximal radioulnar joint, while allowing the radius to rotate freely 2

6‘8, 19,32,34,39. The

RCL portion o f the LCL originates from the lateral epicondyle of the humerus, and widens into a
fan shaped structure to blend indistinguishably into the annular ligament ' ' ’ ’ ’ ’ . The LCL
originates near the axis o f rotation of the elbow and therefore is almost uniformly taut throughout
the range of elbow motion J " 3\ The function o f the LUCL is to provide stability to the
ulnohumeral joint. There is, however, some dispute in the literature over whether the LUCL
alone, or rather a combination of the components of the LCL provide the primary constraint
against posterolateral rotatory instability 3’18-34-37-38’42-44

1.1.3 M uscles
The musculature surrounding the elbow acts to provide both movement and dynamic
stability to the elbow and forearm. These muscles can be divided based on their function into
four main groups: the elbow flexors, the flexor-pronator group, the elbow extensors, and the
extensor-supinator group '■ 7 8. The origins and insertions of the major forearm muscles are
shown in Figure 1.10.

16

origin insertion
triceps
anconeus
brachioradialis
biceps
brachialis
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pronator quadratus
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Figure 1.10: Muscles Contributing to Elbow Motion
The origins and insertions o f the important muscles involved in elbow flexion-extension
and forearm rotation are shown in anterior and posterior views. The origin o f the biceps
brachii has not been included as its origin lies on the scapula.
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The three principal flexor muscles o f the elbow are the biceps, the brachioradialis, and
the brachialis ’ ' . While all three muscles act to flex the forearm, the biceps possesses an
additional ability to act as a strong supinator in the pronated position, and the brachioradialis can
act as either a pronator or supinator depending on forearm position 3’6'8. Both the biceps and the
brachialis have a large cross-sectional area, yet are disadvantaged mechanically as they cross
close to the axis o f rotation. Conversely, the brachioradialis muscle which experiences the
greatest mechanical advantage of any elbow flexor, has the smallest cross-sectional area o f the
three flexors 2’3,43.
In addition to the three major elbow flexors, there exists a group o f accessory flexors
which are referred to collectively as the flexor-pronator mass. Passing over the medial aspect of
the elbow joint, the flexor-pronator mass consists o f the flexor carpi radialis (FCR), the palmaris
longus (PL), the flexor carpi ulnaris (FCU), the flexor digitorum superficialis (FDS) and the
pronator teres (PT). These muscles serve as secondary elbow flexors, and originate completely or
in part on the medial epicondyle l; 3’ 6'8. In addition to acting as secondary flexors, the flexor
pronator mass contributes dynamic stability to the medial aspect o f the elbow and primarily acts
to flex the wrist and fingers 3’7’8.
Two muscles serve as the primary extensors o f the elbow: the triceps and the anconeus.
The triceps has the largest cross-sectional area o f all the muscles surrounding the elbow,
comprising the entire posterior musculature o f the arm %6'8,45. The triceps is the major extensor
o f the elbow joint, whereas the smaller anconeus muscle may play a more significant role in the
stabilization o f the joint during pronation and supination L 7’8-45-46,
On the lateral aspect of the elbow, the extensor-supinator mass originates near or directly
from the lateral epicondyle o f the humerus. The primary role is to produce extension o f the wrist
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and fingers and also lends dynamic support across the lateral aspect of the elbow ’’ 3. The
following muscles comprise the extensor-supinator mass: the extensor carpi ulnaris (ECU), the
extensor carpi radialis longus and brevus (ECR), the extensor digitorum communis (EDC) the
brachioradialis, and the supinator ’ .
Pronation of the forearm is accomplished primarily through the action o f the pronator
teres and the pronator quadratus ' ’ . The pronator teres is the strongest pronator of the forearm
and also acts as a weak flexor of the elbow J 1. Forearm supination is primarily achieved through
the action of the biceps and the supinator muscle. Although the supinator muscle is considered a
weaker supinator, its capacity for forearm rotation is not affected by the elbow’s position in
flexion, as is the stronger biceps brachii muscle 3’ 7’ 8. While pronation and supination are
primarily accomplished by the four muscles discussed, various accessory muscles facilitate these
upper extremity movements, illustrating the complex nature of forearm motion ’,3' 6'8.

1.2 E lbow K inematics
The elbow joint is crucial to the proper functioning of the upper extremity. Motion is
primarily accomplished in two degrees of freedom: flexion-extension and pronation-supination ’’
6-8;

47

yhe ulnohumeral joint functions as a hinge providing the forearm with flexion and

extension motion, while the radiocapitellar and proximal radioulnar joints produce axial rotation
(trochoid motion). The elbow has therefore been classified as trochoginglymoid, or “pivoting
hinge” joint ' ,47.
In normal circumstances, the elbow can achieve a range of motion from 0 to 150° in
flexion and 75° (pronation) to 85° (supination) in rotation 47. Morrey et al. demonstrated that this
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range is in excess of what is required, suggesting a flexion arc of 30 to 130° and rotational range
from 50° of pronation to 50° of supination is sufficient for most activities o f daily living 48.
The valgus angulation of the ulna with respect to the humerus varies throughout the
flexion arc, as such the plane of flexion and extension is not entirely contained within the sagittal
plane. This phenomenon, termed the carrying angle (defined as the angle between the long axes
o f the humerus and ulna), is due to the lateral deflection of the forearm with respect to the
humerus as the elbow extends (Figure 1.11) 6’ 8’ 47,49,50. The carrying angle, which is typically
larger in women than in men, averages 11° for males and 14° for females 50.
The rotational axis of the elbow has been shown to pass through the center of the arc of
the trochlear sulcus and the center of the sphere of the capitellum (Figure 1.12)51. While flexion
and extension occur about this axis, the joint is not perfectly uniaxial, and behaves rather as a
loose hinge joint '’2. Duck et al. reported that the instantaneous axes of elbow motion, the screw
displacement axes, vary throughout the arc of flexion, supporting the concept of a variable center
o f rotation for the elbow 47; 49; 52. The forearm has also been shown to rotate internally during the
early part o f flexion and externally during the latter p a rt49.
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Figure 1.11: The Carrying Angle of the Elbow
The carrying angle o f the elbow is due to the lateral deflection o f the ulna with respect to
the humerus as the forearm is extended.

Figure 1.12: Elbow Joint Axis of Motion
The rotational axis o f the elbow is shown passing through the center o f the arcs o f the
trochlea and capitellum.
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1.3 E lbow Stability
The highly congruous and stable nature of the elbow joint can be attributed to the
combined effects of the active and passive stabilizers o f the forearm. Passive stability results
from the highly congruent articulation between the osseous structures along with soft tissue
constraints. Active stability is provided by the surrounding musculature ' ,47.
The medial and lateral collateral ligaments, joint capsule, and osseous constraints
comprise the static stabilizers of the elbow 53. Morrey and An evaluated the relative contributions
of the components involved in the passive stability o f the elbow, finding that valgus stress in
extension is equally divided between the MCL, capsule, and joint surface. In the same study,
varus stress was found to be resisted by the joint articulation (55%) and anterior capsule (32%)
with only small contributions from the LCL when the elbow is in extension 9. At 90° of flexion
the MCL was found to provide 55% of the resistance to valgus stress whereas the ulnohumeral
articulation was found to be the primary restraint to varus stress 9’47. The anterior bundle of the
medial collateral ligament has subsequently been recognized as the most important valgus elbow
stabilizer 23,21' 54. The lateral collateral ligament plays a similar stabilizing role in resisting varus
stress, and preventing posterolateral rotatory instability o f the elbow
The radial head has been recognized as an important secondary constraint in valgus stress
and its removal has been associated with markedly altered kinematics l0, 30, 54' 58. In a study
investigating the stabilizing effects of the coronoid and radial head, Schneeberger et al.
recognized the role of the radial head in resisting posterolateral rotatory instability 59. The
olecranon process, which forms the proximal half of the greater sigmoid notch, has also been
shown to act as an important elbow stabilizer; sequential excisions o f this structure have been
shown to progressively alter kinematics 60,61. The coronoid process plays a critical role in elbow
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stability, acting as an anterior buttress to posterior dislocation and preventing posterolateral and
posteromedial rotatory instability 59,62-64. This structure also serves as the insertion site for the
medial collateral ligament, a key element in resisting valgus stress 10, 22> 65, 66. Transverse
fractures as well as those affecting the anteromedial facet of the coronoid process have been
shown to significantly alter the stability o f the elbow l0,28,59,62,63,67-7;>. The instability associated
with fractures to the coronoid has led this structure to be termed the most important articular
stabilizer of the elbow joint 10.
Dynamic elbow stability is provided by the musculature surrounding the elbow joint 47,57,
7b. A recent study published by Seiber et al. suggests that the medial and lateral forearm
musculature contribute equally to the varus-valgus stability of the elbow, and emphasizes the
role of the medial musculature as a secondary stabilizer of the joint 11. Findings from a study
conducted by Fang et al., which explored the relative stabilizing contributions of each of the
muscles in the flexor pronator mass, suggests that the flexor carpi ulnaris (FCU) acts as the
primary dynamic stabilizer for valgus elbow stability. As the muscles of the forearm cross the
highly congruous joint, it is thought that dynamic stabilization results from the compressive
forces provided to the elbow as a consequence of muscle action 32,4°.

1.4 C oronoid F ractures
1.4.1 I njury Patterns

and

M echanisms

The coronoid process is typically fractured in the setting of complex elbow trauma 74,78.
Isolated injuries o f the coronoid are uncommon; most have an associated disruption of one or
more o f the collateral ligaments with or without a fracture of the radial head 65,78-81. Elbow
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dislocations in particular are commonly associated with coronoid fractures. Research conducted
by Regan and Morrey reports that 38% of type II coronoid fractures and 80% o f type III
coronoid fractures occur in association with an elbow dislocation 74.
Fractures of the coronoid frequently present in an injury pattern termed the “Terrible
Triad o f the Elbow”

’ ' . This traumatic elbow injury involves both coronoid and radial head

fractures in the setting of an elbow dislocation with collateral ligament damage. Terrible triad
injuries are associated with a high rate of complications including stiffness, instability, arthritis,
and pain 6j’ 69,82 83. Recently, Doornberg et al demonstrated that in the setting of a terrible triad
injury, coronoid fracture fragments average 35% of the height o f the structure. Several authors
have describe the characteristic transverse orientation of the coronoid fracture line in terrible
triad injuries 83"87. Coronoid fractures are thought to occur with the elbow in 0 to 20° of flexion
during the application of an axial load; an injury mechanism similar to that of elbow dislocation
78; 88

Anteromedial facet fractures involve a more vertically or obliquely oriented medial
fracture line, and have been recently recognized as a distinct class o f injury. This fracture pattern
results from varus posteromedial rotatory force and is typically associated with either
subluxation or complete dislocation o f the elbow

’ ’ . Radial head fractures are typically

absent and patients present with posteromedial rotational instability.

1.4.2 F racture C lassification
Coronoid fractures are traditionally classified based on the size of the fractured fragment.
The Regan and Morrey classification system sub-categorizes transverse coronoid fractures into
three major groups based on the fragment size (Figure 1.13). Type I fractures comprises less than
10% of the height of the structure and were originally thought to be the result of an avulsion of
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the tip. Subsequent studies have shown that joint subluxation or dislocation cause a shear injury
to the corono id tip. A Type II fracture is described as involving a single or comminuted fragment
comprising between 10 and 50% of the height of the coronoid. Any fragment comprising more
than 50% of the coronoid process is classified as a Regan and Morrey Type III 66; 74. O’Driscoll
et al. developed a similar but more comprehensive classification system which includes
anteromedial facet fractures 89. As transverse fractures are the focus of this thesis, the Regan and
Morrey classification system will be used to describe coronoid process injury patterns.
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Figure 1.13: Coronoid Fracture Classification
Coronoid fracture classification is based on the degree o f involvement o f the coronoid
process. Type I fractures involve less than 10% o f the structure, Type II fractures
composed between 10% and 50% o f the structure, and any fragment larger than 50% o f
the height o f the coronoid is classified as a Type III fracture. Lines shown on diagram
identify typical lines o f fracture.
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1.4.3 T reatm ent O ptions

and

O utcomes

Recent clinical and biomechanical studies have emphasized the importance o f the
coronoid process in maintaining elbow stability

Deficiency o f the coronoid

results in significant instability and altered kinematics o f the elbow, which emphasizes the
importance of proper treatment and management of coronoid fractures

’ ' ’ .

Depending on the severity o f the coronoid injury and associated elbow trauma, coronoid
fractures may be treated conservatively or surgically. The decision to intervene surgically will
depend not only on the size and displacement of the coronoid, but also on the nature of the
accompanying osseous and soft tissue injuries 7S. There is general agreement in the literature on
the importance of surgical management for larger displaced fractures of the coronoid process.
Both clinical and biomechanical studies demonstrate that repair of the coronoid to be a crucial
step in restoring the stability of the elbow and preventing posttraumatic degenerative arthritis 28,
59; 69; 70; 72; 7 3 , 9 0 , 9i

0 pen

reduction and internal fixation is typically suggested for Type II

and III fractures, whereas Type I fractures are often treated conservatively, although the
importance of reducing even small coronoid fractures has been emphasized

’ ’ .

The outcome of coronoid fracture treatment range from excellent to poor; larger fractures
are more likely to be associated with an unsatisfactory outcome 74, 78, 81, 93'95. Complications
include pain, stiffness, nonunion, avascular necrosis, recurrent instability, re-dislocation and
posttraumatic arthritis 74,81’ 91' 93, 94. Given the high incidence of associated injuries, difficulties
have arisen in relating patient outcomes specifically to the pattern and management of the
coronoid fracture 74,93. It is well established that coronoid injuries associated with the terrible
triad injury pattern have a high incidence of unsatisfactory outcomes

’ ' . More recent series

report improved outcomes with repair or replacement of the radial head, open reduction and
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internal fixation of larger coronoid fractures and repair of the lateral collateral ligament96. Early
motion following surgery to restore stability is recommended as immobilization has been linked
with poor outcomes

’ .

In the setting of a comminuted fracture o f the coronoid process, where repair cannot be
accomplished through open reduction and internal fixation, patient outcomes have been
suboptimal. Attempts to reconstruct the coronoid using various osseous structures, such as
fragments of the radial head, the olecranon, the iliac crest and allografts, have been unreliable 97'
10°. Allograft resorption has been problematic while a lack of a congruent articular surface has
compromised outcome in the setting o f the iliac crest replacement 97,98,10°. Furthermore, radial
head fragments are not consistently present if the patient has had a previous radial head excision,
and so cannot be considered a reliable plan for reconstruction. While the use of an olecranon tip
autograft has been reported, resection o f the olecranon tip has been shown to further destabilize
the elbow, suggesting that its removal for coronoid reconstruction may not be the best treatment
option 60. Poor outcomes when managing comminuted unreconstructable coronoid fractures
clearly demonstrates a need for a reliable prosthetic device to restore elbow function

.
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1.6 T hesis R ationale
The coronoid process of the ulna has been recognized as a key osseous structure in
maintaining elbow stability 10,28,47,68,70,94. Given the importance of this structure in preserving
elbow function, it is not surprising that fractures of the coronoid process can produce instability
and poor clinical outcomes 28, 59,62’ 63, 68~71, 74, 91,93. While repair through open reduction and
internal fixation has been well established for most fracture patterns, there is no reliable method
for restoring stability in the case of comminuted coronoid fractures 62>9:>- 97-|0° .114 The

0f a

readily available solution for the treatment of comminuted fractures highlights the need for a
prosthetic device to adequately manage this type of injury 98.
Hemi-arthroplasty is a well established surgical procedure which has been successfully
implemented in the hip, shoulder, knee and elbow 1U; " 2. The concept of replacing only half of
the joint may be a beneficial alternative to total arthroplasty, as it preserves more native bone,
reduces surgical time and cost 113. As hemi-arthroplasty is commonly used to reconstruct bone
deficiencies after fractures in other joints, it seems plausible that an implant can be developed to
replace the coronoid.
This thesis initially focuses on the anthropometric features of the coronoid and the
development of an anatomic hemi-arthroplasty design. The effectiveness of press fit, screw, and
cement fixation methods are compared. The effect of coronoid insufficiency and hemi
arthroplasty on the kinematics and stability of the elbow are then examined using an in-vitro
joint motion simulator 65>78-81.
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1.7 O bjectives
The specific objectives o f this work are:
1. to quantify the relevant anatomical features of the coronoid process;
2. to design and develop a prosthetic device to replace 40% o f the coronoid process;
3. to evaluate four implant fixation methods to determine the technique which minimizes
implant micro-motion;
4. to determine the effect of coronoid hemi-arthroplasty on the kinematics and stability of
the elbow.

1.8 H ypothesis
The hypotheses are:
1. The use of cement will minimize prosthesis micro-motion.
2. An anatomically shaped coronoid implant will restore stability to the coronoid deficient
elbow.
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of injury patterns 22"26. To our knowledge, no in depth anthropometric study has been conducted
for the purpose of coronoid implant design.
In this chapter, the anthropometric features of the coronoid process are analyzed. After
generation of an ulnar coordinate system, the measurements of the size and shape of key
anatomical features were conducted. An anatomically shaped implant was designed and
developed based on the results of the anthropometric study.
The coronoid prosthesis was designed to replace large type II transverse coronoid
fractures, which have been shown to alter elbow joint stability ’ ’ ’ ’ ’ . The selection of this
fracture size and morphology was based on several factors. First, a study investigating the
patterns of coronoid fractures in the setting of terrible triad injuries found that coronoid fractures
are characteristically transverse in nature, and on average amount to 35% of the height of the
entire structure 28. Because the current anthropometric study divided the coronoid in 10%
increments, a clinically relevant fracture height of 40% was logically chosen for the type II
coronoid implant. Secondly, the majority of the sublime tubercle would preferably be left intact,
as it serves as the site of attachment for the MCL to the ulna. Larger coronoid fractures that
involve the sublime tubercle and therefore detach the medial ligament from its ulnar attachment
would further destabilize the elbow. This would be undesirable, as it would complicate the
simulation o f an MCL repair in combination with the prosthetic device. Thus, anthropometric
characterization is focused on the morphology of the anterior 40% of the coronoid process, and
the implant was developed and designed to replace a fracture of a similar size.
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2.2 M ethods
An extensive process, consisting of several sequential steps, was required for the design
and development of the coronoid prosthesis. CT images were first acquired for the 11 cadaveric
elbows used in the anthropometric study. Next, the images were imported into an image
processing and editing software package (Mimics®: Materialise's Interactive Medical Image
Control System, Materialise BV, Leuven, Belgium) where 3D models and ulnar coordinate
systems were generated for each ulna. Subsequently, anthropometric measurements were taken
from each model, which were used to generate an implant design using SolidWorks CAD
software (SolidWorks ®, Dassault Systems, Velizy-Villacoublay, France). Figure 2.1, shown
below, outlines the implant design process.

Specific details pertaining to coordinate system

generation, coronoid process characterization, and implant design are discussed in Sections 2.2.1
through 2.2.3.
Considering the large variability in arm size and shape amongst humans, it is unlikely
that a single implant size will fit the entire population. In order to avoid the need for a large
family o f implants, it was necessary to focus the current study on a smaller subset of the
population. Male arms were chosen to limit the variability in specimen size, as they are typically
larger and less osteoporotic than female arms 29,3°.
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Computed Tomography (CT) Scanning
11 cadaveric upper limbs are scanned

3D Ulnar Model Generation
CT images are imported into Mimics where 3D models are
generated for each specimen

Ulnar Coordinate System Generation
A coordinate system based on proximal ulnar anatomy is
generated for each specimen

Anthropometric Characterization of the
Coronoid Process
Measurements are taken to describe the coronoid process
from the tip to 40% of the structures height

Implant Design
Measurements resulting for the anthropometric study are used to generate an implant design
using SolidWorks (SW) CAD software

Base Design

Tip Design
The implant is designed above the
coronal plane

The implant is designed below the 10%
coronal plane

Spline
Generation

Direct
Measurements

Modified
Measurements

A series of splines
are generated
above the base of
the implant to
create a smooth
^
implant tip ^

Coronoid height,
radius, and depth
are applied directly
to SW design

Measurements
taken on
consecutive
coronal planes are
altered to produce
^a smooth surface

J

Correct for Cartilage
The prosthesis was augmented to
account for cartilage thickness

Final Implant Design
The final implant was machined (stainless steel) at the
University of Western Ontario Machine Services facility

Figure 2.1: Implant Design and Development Process
A flow chart illustrating the process o f implant design and development, from imaging to
the machining o f the final implant, is shown above.

43

2.2.1 Anthropometric Study
The anthropometric characterization o f the coronoid process, including coordinate system
generation and the measurement process, was conducted through the use of a 3D image
processing and editing software package (Mimics®: Materialise's Interactive Medical Image
Control System, Materialise BV, Leuven, Belgium). Eleven cadaveric upper extremities (mean
age and standard deviation 65.9±15.9 years, left arms:7, right arms:4, male arm s:ll, female
arms:0) were imaged using a helical CT scanner (Light Speed VCT, GE Medical Systems, New
Berlin, Wisconsin; Reconstruction Matrix 512x512; Voltage 120V; Current 90 mAs). Processed
2-dimensional images were imported into Mimics, and a 3D reconstruction of each ulna was
generated. This was accomplished first by excluding the soft tissues surrounding the osseous
structures of interest by specifying “grey values”, which are a specific range of Hounsfield units
(HU) to be included. The range of grey values suggested in Mimics for the segmentation of bone
from surrounding tissue defines the lower and upper thresholds as 226 and 3071 HU
respectively. Next, unwanted osseous structures which lie within the range of grey values
selected were removed employing the “erase pixel” function to manually exclude the radius and
humerus, effectively isolating the ulna. Finally, 3D reconstruction is selected by the user, and the
program uses triangulation to produce a 3-dimensional reconstruction of the ulna based on the
segmentation specified by the user.

2.2.1.1 Generation of an U lnar Coordinate System
In order to compare specimens, an ulnar coordinate system was generated using anatomic
landmarks on the greater sigmoid notch (GSN) and on the flat spot of the proximal ulna. Eight
points were first placed along the guiding ridge of the coronoid process (beginning at the tip of
the guiding ridge, and ending in the center of the greater sigmoid notch) and the center of
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curvature of the GSN was then calculated using a least-squares circle-fit algorithm (Figure 2.2a).
The center of curvature of the GSN and a plane through the eight digitized coronoid points
describe the origin and the sagittal plane of the ulnar coordinate system respectively (Figure
2.2b). The medial-lateral axis (z axis) of the coordinate system was defined by a vector passing
through the center of the GSN orthogonal to the plane described by the points placed along the
guiding ridge.
A custom designed LabVIEW program (LabVIEW™, National Instruments, Austin,
Texas, USA) was used to generate the axes o f the coordinate system using input from the GSN
and points from the posterior surface of the ulna. This was accomplished by first placing two
points on the flat spot o f the ulna along the plane described by the GSN (Figure 2.2c). The
proximal point was situated a distance of one half of a GSN radius from the most proximal point
of the posterior ulna, where the flat spot begins to curve anteriorly towards the tip of the
olecranon. The second point was placed one full GSN radius length distal to the first point. Both
points were placed along the intersection of the x-y plane with the posterior surface of the ulna;
as such the points were consistently located beneath the x axis o f the coordinate system in each
specimen. The orientation of the coronal and axial planes was dependent on the location of these
two flat spot points. Ensuring the two points consistently lay within the boundary of the ulnar flat
spot was therefore critical to ensuring that the coronal plane would be parallel to this surface.
These reproducible distances were chosen to encompass the largest length along the flat spot
which could also comply with the variability between specimens.
The vector product (refer to Appendix B, Equation B.l), an operation performed on two
vectors in three-dimensional space which results in a third vector perpendicular to both original
vectors, was used to determine the two remaining axes of the anatomical coordinate system. The
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vector defined by the two points previously described was crossed with the vector describing the
medial-lateral axis to produce an anterior-posterior vector which became the y axis. The final
step in the generation o f the ulnar coordinate system was to cross the z and y axes to produce a
third orthogonal vector describing the proximal-distal axis (x axis) (Figure 2.2d). Planes resulting
from the coordinate system correspond to the anatomic planes; the y-z axis corresponding to the
axial plane, the x-z axis corresponding to the coronal plane, and the x-y axis corresponding to the
sagittal plane (Figure 2.3). Positive directions for the x and z axes were chosen as the distal and
lateral directions respectively. The y axis was defined as positive in the posterior direction for
left ulnae, and anterior for right ulnae. An automated check within the LabVIEW program was
used to ensure correct positive directions for the anatomical axes. This was performed through a
series o f checks, utilizing the vector and scalar products (Refer to Appendix B). An explanation
o f the positive axes direction check is located in Appendix B, section B.4. All anthropometric
measurements used to characterize the features of the coronoid process were taken with respect
to this coordinate system.
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Figure 2.2: Coordinate System Generation
Images illustrating the process o f coordinate system generation are shown; (a) guiding
ridge digitization, (h) sagittal plane generation, (c) fla t point placement, (d) final
coordinate system axes.
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Figure 2.3: Anatomical Planes of the Ulnar Coordinate System
The three anatomical planes o f the ulnar coordinate system are generated; the coronal,
sagittal, and transverse planes.
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2.2.1.2

A n t h r o p o m e t r ic M e a s u r e m e n t s

Eleven categories of measurements, indicated in Table 2.1, were taken from the cadaveric
specimens using the Mimics software package. The use of Materialize’s interactive medical
image control system is well established in the literature, and has been shown to be an effective
method for 3D model reconstruction and measurement of osseous structures within the human
body Jl "34. Examples of the anthropometric measurements are shown in Figures 2.4 - 2.13, where
measurements are highlighted in red.

Measurement
Coronoid Radius of
Curvature
Coronoid Height
Coronoid Depth
Facet Length
Medial
Lateral
Facet Angle
Medial
Lateral
Medial Facet Depth
Guiding Ridge Fillet
Medial
Lateral
LSN Width
LSN Angle
LSN Depth

Symbol
r
h
d
1 M (10-40)
1 L (10-40)

6 M (10-40)
9 L (10-40)
X M (10-40)

fM
fL
W LSN (10-40)

0

LSN (10-40)
X LSN

Table 2.1: Anthropometric Measurements for Coronoid Process Characterization
Eleven categories o f measurements, indicated above, were taken from the 3D
reconstructions o f 11 cadaveric ulnae in order to characterize the anatomy o f the
coronoid process.
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Coronoid Radius o f Curvature:
The coronoid radius o f curvature was quantified by placing eight points along the distal
half o f the guiding ridge (Figure 2.4). The center and radius o f curvature of the structure were
then determined using a least-squares circle-fit algorithm.

Coronoid Height:
The height of the coronoid was defined by the distance between two x-z planes adjusted
to the locations of the tip and base of the structure. The first plane was placed at the most anterior
point of the coronoid process while the second was placed by lowering the coronal plane towards
the posterior surface of the ulna until it was no longer visible in the GSN. A line spanning
between these two planes, oriented orthogonally to both, defined the height of the coronoid
process (Figure 2.5). Nine additional planes were then generated, all parallel to the original
coronal x-z plane, and were placed between the tip and base planes, dividing the coronoid height
into ten equal sections. Planes are described as a percentage of height, the 0% and 100% planes
corresponding to the tip and base planes respectively. The four planes representing 10-40% of
coronoid height are shown in Figure 2.6a, where measurements relating to width, depth, and
facet angle were taken within each of the planes to describe the coronoid geometry (Figure 2.6b).
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Figure 2.4: Coronoid Radius of Curvature
Eight points were placed along the distal half o f the guiding ridge to determine the radius
o f curvature (r) o f the coronoid process.

Figure 2.5: Coronoid Height
Coronoid height (h) was measured between two coronal planes, placed at the tip and the
base o f the coronoid process.
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Figure 2.6: The Four Coronal Planes
Four planes, each one lying parallel to the x-z coronal plane o f the coordinate system,
(a) were generated to characterize the geometry o f the coronoid as the structure is
descended. Medial and lateral facet angles, shown in (b), were measured within these
coronal planes.
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Coronoid Depth:
Coronoid depth was measured along the x axis o f the coordinate system, between the
articular surface and the distal non-articular surface o f the structure. This measurement,
describing the proximal to distal dimension o f the coronoid, was consistently taken along the
intersection o f the coordinate system’s sagittal plane and the 40% coronal plane. Figures 2.7a
and b display the coronoid depth measurement taken within the 40% coronal plane in the medial
and top views o f the ulna respectively.
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Figure 2.7: Coronoid Depth
Coronoid depth [d], measured along the x axis o f the coordinate system, describes the
proximal-distal dimension o f the coronoid process. Image (a) depicts the depth
measurement in a medial view o f the ulna, parallel to the coordinate systems sagittal
plane, while (b) presents the depth measurement parallel to the coronal plane. Both
depth measurements depicted above display the depth measurement in the 40% coronal
plane, this measurement was also taken within the 10, 20, and 30% coronal planes. In
image (b) anatomical orientation is indicated (M: medial, L: lateral, P: proximal, D:
Distal)
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Medial and Lateral Facet Length and Angle:
The triangular shape o f the coronoid’s articular surface formed by the medial and lateral
facets was described by the medial and lateral length and facet angle measurements (Figure 2.8).
Line segments were placed along each facet’s articular surface within each coronal plane. The
lateral facet angle was measured between the x axis and the lateral facet line, which extends from
the x axis to the proximal most boundary o f the proximal radioulnar joint. Similarly, the medial
facet angle was defined as the angle between the x axis and a line segment extending from the x
axis to the most medial and proximal boundary o f the coronoid (medial facet line) in each
coronal plane. The scalar product was used to calculate the angle between the facet line and the x
axis, yielding the medial and lateral facet angle measurement (refer to Appendix B, Equation
B.2, for an explanation o f the scalar product). The lengths o f the medial and lateral facet lines
were measured to define the medial to lateral dimension o f the coronoid process. Using these
lengths and the calculated medial and lateral facet angles, the medial and lateral facet widths,
which are oriented parallel to the axial plane, are then calculated using trigonometry (refer to
Appendix B, Equation B.3, for an explanation o f the Law o f Sines equation). Medial and lateral
widths were considered separately, as the medial and lateral boundaries o f the coronoid process
did not always lie in the same axial plane.
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Figure 2.8: Medial and Lateral Facet Angles and Lines
The triangular shape o f the coronoid's articular surface form ed by the medial and lateral
facets are described by the medial and lateral facet angle and length measurements;
medial and lateral facet angles [Om Ol] and lengths [l m. I l] are labelled above. An
example o f the measurements describing the medial and lateral facets is depicted above
within the 40% coronal plane, these measurements were also taken in coronal planes
placed at 10, 20, and 30% o f the coronoid height fo r each specimen. Anatomical
orientation is indicated in the image (M: medial, L: lateral. P: proximal, D: Distal).
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Medial Facet Depth:
Upon inspection, it was apparent that the medial facet differs in shape from flat to
concave as the coronoid is descended. This curvature is an important anatomical feature with
respect to implant design as it corresponds to the convex shape o f the medial trochlea. To
quantify this characteristic, a measurement referred to as the “medial facet depth” was made in
each o f the four coronal planes. The maximum distance between the medial facet line and the
articular surface o f the facet was measured by extending a line orthogonally from the medial
facet line to the articular surface at the point o f maximum depth (Figure 2.9). It should be noted
that the location o f the medial facet curvature commencement is variable among specimens; as
such, this feature may be absent from the more anteriorly located planes.
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Figure 2.9: Medial Facet Depth
The curvature o f the medial facet was quantified by the medial facet depth [x m], a line
measured from the deepest point on the medial articular surface to the medial facet line.
The medial facet depth measurement depicted above lies in the 40% coronal plane, this
measurement was also taken in coronal planes placed at 10, 20, and 30% o f coronoid
height fo r each specimen. Anatomical orientation is indicated in the image (M: medial,
L: lateral, P: proximal, D: Distal).
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Guiding Ridge Fillet Depth:
The articular surface, largely described by the medial and lateral facet angles, represents
the guiding ridge o f the coronoid process as the tip o f a triangle. As illustrated in Figures 2.10
and 2.11, the tips which result from the facet angles are sharper and project into the notch more
proximally than the true ridge o f the coronoid. In order to form a more anatomical articulation
with the trochlea, this peak must be altered to more adequately represent the structures’ true
geometry. The guiding ridge fdlet depth measurement was included in this study to define the
degree o f curvature required, and the transition from the medial facet to the lateral facet over the
curvature o f the guiding ridge. As is depicted in Figures 2.10 and 2.11, medial and lateral
guiding ridge fillet depths were measured from the articular surface o f the guiding ridge to the
central boundary o f both the medial and lateral facet lines, such that two fillet measurements
were obtained in each coronal plane. This measurement was taken consistently such that it was
parallel to the x axis in each x-z plane, lying along the intersection o f the coronal and x-y planes.

Figure 2.10: Medial Guiding Ridge Fillet
The medial fillet measurement [ f m] is depicted above, measuring from the articular
surface o f the guiding ridge to the central point on the medial facet line. The
measurement, taken along the x axis o f the coronoid process coordinate system, was used
to describe the transition from the medial facet to the lateral facet. The measurement
depicted above lies in the 40% coronal plane, this measurement was also taken in
coronal planes placed at 10, 20, and 30% o f coronoid height fo r each specimen.
Anatomical orientation is indicated in the image (M: medial, L: lateral. P: proximal, D:
Distal).
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Figure 2.11: Lateral Guiding Ridge Fillet
The lateral fillet measurement [f J is depicted above, measuring from the articular
surface o f the guiding ridge to the central point on the lateral facet line. The
measurement, taken along the x axis o f the coronoid process coordinate system, was used
to describe the transition from the medial facet to the lateral facet. The measurement
depicted above lies in the 40% coronal plane, this measurement was also taken in
coronal planes placed at 10, 20, and 30% o f coronoid height fo r each specimen.
Anatomical orientation is indicated in the image (M: medial, L: lateral, P: proximal. D:
Distal).

61

Lesser Sigmoid Notch Width and Angle:
The lesser sigmoid notch width and angle were measured to define the lateral most
articular surface o f the coronoid process, illustrated in Figure 2.12.

The LSN width was

measured to describe the proximal-distal dimension o f the ulnar contribution to the proximal
radioulnar joint. Lines defining this measurement extended from the proximal boundary to the
distal boundary o f the LSN within each coronal plane. The angle between the x axis and the lines
defining the width o f the lesser sigmoid notch describe the lesser sigmoid notch angle. The scalar
product (refer to Appendix B) was again used to determine the angle between the vector
representing the x axis and each LSN width vector to define LSN angulation with respect to the x
axis.

Lesser Sigmoid Notch Depth:
The face of the lesser sigmoid notch is slightly concave in shape, as it receives the
convex structure o f the radial head. The LSN depth was taken to define this curved shape.
Similar to the measurement describing the concave shape o f the medial facet, a line was
extended from the articular surface o f the LSN, at its deepest or most curved point, such that it
met the LSN width line orthogonally (Figure 2.13). The lesser sigmoid notch is flatter anteriorly,
and becomes more concave posteriorly.

62

Figure 2.12: Lesser Sigmoid Notch Angles and Widths
The morphology o f the lesser sigmoid notch was described by LSN angles and widths [6
w lsn] - The measurements depicted above are shown within the 40% coronal plane,
these measurements were also taken in coronal planes placed at 10, 20, and 30% o f
coronoid height fo r each specimen. Anatomical orientation is indicated in the image (M:
medial, L: lateral, P: proximal, D: Distal).
lsn,
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Figure 2.13: Lesser Sigmoid Notch Depth
The concave shape o f the LSN was quantified by extending a line orthogonal to the line
defining lesser sigmoid notch width to the articular surface o f the notch. The lesser
sigmoid notch depth [x lsn] depicted above is measured within the 40% coronal plane,
this measurement was also taken in coronal planes placed at 10, 20, and 30% o f
coronoid height fo r each specimen. Anatomical orientation is indicated in the image (M:
medial, L: lateral, P: proximal, D: Distal).
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2.2.2 R eliability M easurements
Inter-observer and intra-observer reliability for the generation o f the anatomical
coordinate system, and the process for taking measurements on the three-dimensional models
were performed to assess repeatability. Intraclass correlations (ICC) were used to statistically
analyze intra and inter-rater reliability o f the coordinate system generation and measurement
process (2-way mixed, random effect model, absolute agreement).
The anatomical coordinate system was generated twice on each o f the eleven specimens,
six months apart, by a single observer to assess the intra-observer reliability of coordinate system
development. In order to determine the reliability of generating the coordinate system between
observers, the coordinate systems generated by two independent blinded experimenters were
compared for each of the eleven specimens.
For both inter and intra-observer reliability, seven key measurements were assessed on
each of the eleven original specimens; coronoid height, radius o f curvature, depth, medial and
lateral facet angles within the 40% plane, and medial and lateral facet line lengths within the
40% plane. The seven measurements chosen to assess reliability were selected as they were
distinct from one another, and were representative o f the various types of measurements
performed herein (lengths, angles, and circle-fit algorithms based on digitized points). As with
coordinate system reliability assessment, intra-observer reliability was assessed by one
experimenter, repeating the measurements twice on each o f the eleven ulnae (six months apart),
and the measurements performed on each arm by two independent experimenters were compared
to assess the inter-observer reliability.
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2.2.3 Implant D esign
The design o f the coronoid implant was based on the results of the anthropometric study
discussed in Section 2.2.1, and was conducted using SolidWorks 3D CAD Design Software ®
(SolidWorks ®, Dassault Systems, Velizy-Villacoublay, France). The implant was stainless
steel, and was machined at the University of Western Ontario Machine Services facility.
Several mean measurements resulting from the anthropometric study were taken directly,
without modification, and applied to the prosthesis design. These measurements included the
coronoid radius of curvature, height, and depth. Multi-plane measurements, (i.e. those repeated
on each o f the coronal planes), required some modification. Direct use of the medial facet angles,
for example, would result in a non-uniform and “wavy” articular surface consisting of both
concave and convex regions, which would be inappropriate for prosthetic use. Figure 2.14
illustrates the need for measurement modification, presenting a comparison of the resulting
articular surface before and after facet angle and length adjustments.
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Figure 2.14: Facet Angle and Length Adjustments
The above image illustrates the importance o f the “linear f it” method described in the
previous section, where measurements taken on all fo u r planes are adjusted to produce a
more uniform implant shape. Images (a) and (c) illustrate frontal and top views o f the
articular surface o f the implant respectively, where the facet angles and widths are not
altered. As shown, the surface is “wavy”, displaying both concave and convex regions,
and as such would not be appropriate fo r prosthetic use. Images (b) and (d) (front and
top views) present the articular surface o f the implant after the facet adjustment,
resulting in a smooth articular surface adequate fo r articulation with the distal humerus.
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Graphing each o f these multi-plane measurements against its location with respect to
coronoid height (see Appendix C for linear trend illustrations), strong correlations between
measurement and coronal plane were observed, exhibiting linear trends, for many o f the
measurements: medial facet lengths (R=0.99), medial facet angles (R=0.98), lateral facet angles
(R=0.98), medial facet depths (R=T.O). Where R values indicated a strong linear trend, a linear
equation o f best fit was generated and data for the implant was extracted from this new trendline.
This resulted in a smooth and uniform articular surface which maintained the trend of the
measured articular surface without deviating markedly from the original data. This process was
applied to the medial and lateral facet angles and widths, to the LSN widths, and to the
measurements defining the maximum medial facet and LSN depths (refer to Appendix C). The
transition from the anthropometric data to useable dimensions required to design the prosthesis
are illustrated in Figure 2.15.

Averaged Anthropometric Coronoid Data
Mean values were determined for measurements relating to
coronoid morphology resulting from the morphological
characterization of 11 cadaveric ulnae
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Repeated Dimensions

Simple Dimensions
Mean values for the simple
measurements resulting from the
anthropometric study were taken
directly, without modification, and
applied to the prosthesis design.
These measurements included the
coronoid radius of curvature,
height, and depth.

Repeated dimensions, (i.e. those
repeated on each of the coronal
planes), required some
modification in order to create a
smooth continuous articular
surface. The relationships between
measurement magnitude, and
coronoid height (ie. plane) were
V^explored for these measurement^,

Linear Fit Method
Where a strong linear trend
between measurement
location with respect to
coronoid height and
measurement magnitude
was observed, a linear trend
line was generated, and
implant dimensions were
extracted to create a smooth
continuous articular implant
surface.

Further Modification
Required
The linear fit method could
not be employed in five
special cases. As a result of
either missing data due to
absent morphological
features, or a poor linear
relationship, further
modification was required in
order to incorporate these
features in the design of the
coronoid prosthesis. The
processes used to modify
dimensions relating to LSN
width, depth, and angle, as
well as medial facet depths
and lateral facet widths, are
outlined in Figure 2.16

M e a s u re m e n t

Figure 2.15: Coronoid Morphology to Implant Design
The design o f the coronoid prosthesis was based on the results o f the anthropometric
study; the transition from anthropometric data to useable dimensions to define the design
o f the prosthesis is illustrated in the flow chart above. The mean values fo r simple
measurements were applied directly to the implant design; however measurements
describing the morphology o f the coronoid over the height o f the structure (ie.
measurements repeated on consecutive coronal planes) required some modification. A
“linear fit method" was employed to produce a smooth and continuous surface, as
described above. Figure 2.16 describes the additional modification required fo r
complicated cases where a simple linear trendline could not be used. The graphs shown
above are simplified fo r illustrative purposes, and do not represent true data.
• Data resulting from anthropometric study
O Data point extracted from linear trend line fo r use in prosthesis
design
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Five (5) special cases arose in the use o f this “linear fit method” to generate a smooth and
continuous design. These special cases, where a linear line could not simply be generated,
resulted for one o f two reasons. First, the morphology o f the coronoid was found to be quite
variable, in particular the location o f the LSN as well as the commencement o f curvature o f the
medial facet was found to vary from specimen to specimen. The lesser sigmoid notch was not
found to exist above the 30% coronal plane; as such no data was obtained for the 10 and 20 %
planes, and no medial facet depths were measured (due to a lack o f curvature) above the 20%
plane. This complicated three variables; LSN width, LSN angle, LSN depth, and the medial facet
depth dimension. The fifth special case, lateral facet length, was complicated as the trend was
much less linear than the other angle and length facet measurements. The relationships for these
special cases are presented in Appendix C, section C.2. Refer to Figure 2.15 for a flow chart
illustrating the process used to approach the difficulties encountered with measurements relating
to the lesser sigmoid notch, the medial facet, and the lateral facet of the coronoid process.
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Measurement Modifications
Five special cases arose when the "linear fit" method was used
to generate a smooth and continuous implant surface

Lesser Sigmoid N o t c h \
The LSN was not observed to
exist above the 30% plane, thus
no data was available for the 10
and 20% planes. Furthermore,
the LSN was observed above the
40% plane in only 2 of the 11
specimens measured, as such
only the data from the 40% plane
.
was considered reliable.

Medial Facet

Lateral Facet

As the medial facet was found to
be flat, rather than concave,
above the 20% plane, no medial
facet depth measurement (taken
to quantify the curvature of the
medial facet) existed for the 10%
coronal plane.

In contrast to the medial facet
widths and medial and lateral
facet angles, the measurements
taken for lateral facet widths did
not exhibit a strong correlation
between the length measurement
and the location where the
measurement was taken
,
(R=0.81).
>

Solution

Solution

Solution

A linear relationship between
location with respect to coronoid
height (plane) and LSN
measurement was generated
from the average LSN
measurement obtained for the
40% plane, directed through the
origin. This generated a smooth
continuous surface for LSN
width and depth (dotted line). In
the case of LSN angle, the angle
measured on the 40% plane
was applied to the entire LSN
structure, as no observable
trend could be distinguished for
this feature (solid vertical line).

A very strong linear correlation
(R = 0.9999) for the facet depths
and their location with respect to
coronoid height was observed,
thus the medial facet depth
dimension for the 10% plane
was taken from the linear
trendline generated from the
measurements on the 20-40%
planes, to ensure a smooth
continuous implant surface.

A linear trendline was fit to the
lateral width dimensions by
using only the data for the 10%
and 40% planes; dimensions for
the 20 and 30% planes were
then extracted from this line to
create a smooth articular
surface. Using this method, the
correct location of the proximal
boundary of the LSN could be
maintained, the true
measurement for the 10% plane
could be used, and the
measurements from the central
planes were located in a more
conservative fashion.
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Figure 2.16: Measurement Modifications for Repeated Measurements
Five special cases arose in the use o f this "linear fit method ” to generate a smooth and
continuous prosthesis design. These special cases, where a linear line could not simply
be generated, arose as a result o f missing data due to the absence o f a morphological
feature, as is the case in graphs (a) and (b), or due to a poor linear correlation (c). The
modifications made to LSN width, depth, and angle, as well as modifications to the
medial and lateral facets are explained above. A single LSN angle was applied to all four
coronal planes, represented by the solid line in graph (a). The graphs shown above are
simplified fo r illustrative purposes, and do not represent true data.
• Data resulting from anthropometric study
O Data point extracted from linear trend line fo r use in prosthesis design
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As mentioned above, the lesser sigmoid notch was not observed to exist above the 30%
coronal plane, thus there was no data available for the 10 and 20% coronal planes. Furthermore,
the LSN was only present above the 40% plane in two specimens; therefore, the measurements
above this plane were not considered reliable. To create a smooth and continuous implant
surface, the LSN tapered in a linear fashion towards the anterior surface o f the prosthesis. This
was accomplished by extracting points for each coronal plane (10-30) from a linear line
extending from the origin (indicating an LSN width of zero at the tip of the prosthesis) to the
average LSN width determined for the 40% coronal plane, illustrated in Appendix C. Although
the LSN was not found to exist above the 30% plane in this anthropometric study, the
continuation of the LSN anteriorly to the tip of the implant was created to ensure the existence of
a surface to support the radial head, should it be positioned more anteriorly than was observed in
this study. Likewise, as measurements above the 40% plane were not considered reliable, it was
decided to use only the lowest plane to define the angulation of the LSN. In contrast to the
method used for LSN width, where the measurement was decreased linearly towards the tip of
the coronoid, the angulation of the LSN at 40% of the height of the coronoid was applied to all
four coronal planes. No observable trend for LSN angle exists (in contrast to LSN width, which
appears to taper anteriorly); as such it was determined that applying the most reliable
measurement to the entire structure was the most appropriate method for including this feature in
the implant design. The solid vertical line in Figure 2.16 (graph a) illustrates this modification, as
a single angle was applied to all four planes. The complications which arose in incorporating
LSN width and angle measurements into the prosthesis design due to the absence of the structure
of the LSN above the 30% plane arose in the case of the lesser sigmoid notch depth as well. In
addition to the absence of data for the two anterior planes, this measurement, which described
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the curvature of the lesser sigmoid notch, was not found to exist within the 30% plane. Thus, the
only plane to yield data for this feature was the lowest (40%) coronal plane. The data points for
LSN depth on the three anteriorly located planes were extracted from a linear trendline fit
through the origin and average LSN depth for the lowest coronal plane. LSN curvature,
therefore, gradually diminished from the base o f the implant to the tip.
As the medial facet was found to be flat, rather than concave, above the 20% plane, no
medial facet depth measurement existed for the 10% coronal plane. A very strong linear
correlation (R = 0.9999) for the facet depths and their location with respect to coronoid height
was observed (See Appendix C), thus the medial facet depth dimension for the 10% plane was
taken from the linear trendline generated from the measurements on the 20-40% planes, to
ensure a smooth continuous implant surface.
In contrast to the medial facet widths and the medial and lateral facet angles, the
measurements taken for lateral facet widths did not exhibit a strong correlation between the
length measurement and the location where the measurement was taken (R=0.81). The anterior
most lateral width averaged approximately 5 mm, whereas the three posterior planes had, on
average, lateral facets of approximately 8 mm. The lateral facet terminates at the commencement
o f the lesser sigmoid notch, and as the notch does not typically exist above the 20% plane, this
sharp change in data describing the anterior surface may be somewhat expected given the
geometry of the structure. A linear trendline was fit to the lateral width dimensions by using only
the data for the 10% and 40% planes (refer to Appendix C). This ensured that the location of the
proximal boundary of the LSN was correctly located within the 40% plane, while establishing a
smooth articular surface. Less importance was placed on the location o f the LSN on the more
anterior planes, as the structure did not usually exist above this point. A primary concern,
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however, was the lateral boundary of each lateral facet line. If these lines were overestimated,
they may extend the implant into the proximal radio-ulnar joint, causing interference with the
radial head. By using only the lateral facet width data for the 10 and 40% planes, the correct
location o f the proximal boundary of the LSN could be maintained, the true measurement for the
10% plane could be used, and the measurements from the central planes were located in a more
conservative fashion.
The guiding ridge fillet depth dimension was considered separately, as applying different
fillet depths to the separate profiles would alter the radius of curvature of the implant. The
medial and lateral fillet depths for each plane were averaged, yielding a value of 1.2 mm. An
approximate value of 1 mm was used to fillet the sharp maximum created by the medial and
lateral facet lines in the final implant design. Figure 2.15a illustrates the sharp peak formed by
the medial and lateral facet lines at the guiding ridge of the prosthesis, while Figure 2.15b
presents a smooth guiding ridge resulting from the application of the guiding ridge fillet. Figure
2.16 presents the entire articular surface before and after the application o f the guiding ridge
fillet.
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Figure 2.15: Guiding Ridge Fillet
Medial and lateral facet lines which form the articular surface o f the coronoid prosthesis
are shown above within a coronal plane. The sharp peak form ed by the facet lines shown
in (a) is rounded using a 1.0mm fillet to create a smooth and (b) continuous surface fo r
articulation with the distal humerus.
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Figure 2.16: Implant Articular Surface Following Guiding Ridge Fillet
The sharp peak formed by the medial and lateral facets (a) which form s the guiding ridge
o f the prosthesis is rounded using a 1.0mm fillet to produce a rounded and (b) more
anatomical guiding ridge.
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The final design was altered to correct for cartilage thickness, as this soft tissue could not
be characterized using CT scans. Cartilage surrounding the coronoid process is illustrated in
Figure 2.17 in a profile image o f an ulna cut along its central sagittal plane. The effects of
coronoid cartilage thickness were incorporated into the prosthesis design using the results from
parallel research conducted in our laboratory. In this study, which investigated the articular
cartilage thickness o f the proximal ulna, an average thickness o f 1.45 ± 0.39mm was determined
for the face o f the coronoid by measuring the cartilage depth in 24 cadaveric specimens at
locations on the guiding ridge, on the medial and lateral facets, and on the sublime tubercle. An
average thickness o f 3.22 ± 0.90mm was determined for the cartilage depth at the tip o f the
coronoid. The final prosthesis design was defined by adding the cartilage thickness to the
osseous shape determined from the CT analysis outlined previously

.
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Figure 2.17: Coronoid Cartilage Thickness
A sagittal cut o f the ulna reveals the significant contribution o f cartilage to the articular
surface o f the coronoid process (Rafehi et al. 201035).
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A CAD design was generated for the prosthetic device, based on the results o f the
anthropometric study. The following steps outline the design process for the main body of the
coronoid implant using SolidWorks CAD software (SolidWorks ®, Dassault Systems, VelizyVillacoublay, France). Dimensions specifically referred to (ie. height, radius etc...) are taken
from the results of the anthropometric study, discussed in the results section (Section 2.3.1).
1) Define the 3D origin in SolidWorks as the origin o f the 3D ulnar coordinate system.
2 ) Create a circle based on the guiding ridge of the greater sigmoid notch, with its center at the
origin, in the x-y sagittal plane.
3 ) Define coronoid height (H= 18.4 3 mm) from the base o f the circle
4 ) Create four x-z coronal planes at 10, 2 0 , 30, and 4 0 % o f coronoid height. Profiles defining
the shape of the implant will be created in each o f the four planes separately.
5 ) In each coronal plane, define the medial and lateral facet lines using the measured medial and
lateral facet angles to position the lines with respect to the ulnar x axis and medial and lateral
widths to define their lengths.
6 ) Define the depth of the coronoid (D= 9 .3 2 mm) within the base profile (4 0 % plane).
7 ) Offset medial and lateral facet lines 1.45 mm proximally to account for articular cartilage
thickness. This effectively augments the depth and width o f the coronoid implant.
8 ) Add the lesser sigmoid notch widths to the lateral boundary of the lateral facet lines within
each profile. The orientation of this line with respect to the x axis is defined by the LSN angle
(8 .5 5 ° ) while their lengths are defined by LSN widths.
9 ) Define the concave surfaces of the LSN and medial facet by creating splines1 with endpoints
identical to those o f the medial facet lines or LSN width lines, but with one additional point
or “knot” at the midpoint of the original line. The knot should be offset distally in the case of
the medial facet and medially in the case o f the LSN width. The medial facet depths and LSN
depth define the distance that the knot should be offset from the initial line.
10) Using the fillet function in SolidWorks, curve the sharp peak created by the convergence of
the medial and lateral facet lines such that the proximal most point of the new peak is 1 mm
from the original intersection o f the two lines. Repeat for each profile.
11) Define the non-articular surface of the coronoid implant in the 4 0 % plane by connecting the
medial boundary o f the medial facet line and lateral boundary o f the lateral facet line to the
distal boundary of the coronoid depth line.
12) Repeat the previous step in the remaining coronal planes by creating two line segments from
the medial and lateral boundaries of the structure which connect at the central sagittal plane.
The angles between the x axis and the medial and lateral lines defining the non-articular
surface in the base plane are copied to each profile, creating a smooth surface.
13) The fillet feature is used to smooth and curve all sharp corners, where sharper corners are
filleted with smaller fillet radii.
14) The Lofted Boss/Base feature is used to connect the four planes, creating a smooth solid
surface.1

1 Spline: A function having specified values at a finite number of points, which consists of segments of polynomial
functions joined smoothly at these points
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The exact morphology of the anterior portion of the coronoid, above the 10% plane, was
not defined by the anthropometric study. The geometry of the tip therefore was constrained only
by its height above the most anterior plane. In addition to the discussion below, calculations and
point locations used to define the surface of the implant above the 10% plane are located in
Appendix D. A central dome was first created through the use of a spline in the ulnar coordinate
systems’ x-y plane, to define the curvature of the anterior tip of the prosthesis. The height of the
anterior most point o f this spline above the 10% coronal plane incorporates both the measured
osseous structure and the contributions o f cartilage thickness to coronoid height. With endpoints
defined by the proximal and distal boundaries of the implant within the 10% plane, the spline
consisted of five knots, four of which were located proximal to the splines’ articular end point
and one distal to it. The knots were positioned such that when the implant was viewed from the
medial or lateral side, the tip appeared to be a smooth continuation of the radius o f curvature of
the implants’ articular face (Figure 2.18). A smooth tip surface was produced by creating
progressively smaller domes of the same shape extending from the central spline towards the
medial and lateral boundaries of the coronoid. Ten domes were positioned in planes parallel to
the x-y plane, five positioned medially and five laterally to the initial spline (Figure 2.19). The
five splines (located either medial or lateral to the central spline) were spaced equally along the
medial to lateral width o f the implant in the 10% plane. Distances o f 1.6 and 1.2 mm were
chosen to space the medial (m) and lateral (1) splines, respectively (Figure 2.20). Knot positions
for the ten supplemental splines were determined algebraically (see Appendix D for images). The
height of each knot was situated such that collectively, all the proximal most points from each
spline formed a parabolic shape over the base o f the implant, as did the grouping o f the second,
third, fourth, and fifth sets of knots (Figure C.5). Proximal-distal knot locations were positioned
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from the proximal endpoint of the spline, as a proportion o f the distance between the splines’ two
end points based on the central dome’s dimensions, (refer to Appendix D for calculations). Knot
positions can be viewed in Figures 2.7-2.9. The eleven domes were connected using the lofted
surface feature, and by connecting the medial and lateral most splines with the base of the
structure. Adopting this method for defining knot location resulted in the generation of a rounded
smooth tip for the implant.
A circular hole was bored into the base o f the solid implant (D=4.76mm), and a post was
created to insert into this cavity. When inserted, the post projected 1cm deep and inferior from
the base of the implant, and this was used to secure the implant to bone using poly
methylmethacrylate bone cement. To prevent rotation of the implant about the post, a set screw
and divot was incorporated into the final design. When oriented properly, the divot on the
surface o f the post lined up with the location of the set screw, securing the implant in place. The
set screw entered the implant on the medial posterior surface of the prosthesis for ease of
insertion from a medial surgical approach.
Various views of the final coronoid prosthesis design are presented in Figure 2.21.
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Figure 2.18: Anterior Surface Definition
The anterior surface o f the implant located above the 10% coronal plane is defined by a
five point spline, and functions as a smooth continuation o f the radius o f curvature o f the
greater sigmoid notch. Contributions from both the osseous structure and cartilage
thickness define the maximum height o f the spline above the 10% plane.
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Figure 2.19: The Anterior Surface of the Coronoid Prosthesis
Eleven splines compose the anterior surface o f the prosthesis; (a) lateral, (b) top, (c)
frontal, and (d) medial views are illustrated.

Figure 2.20 Medial and Lateral Spline Spacing
The medial and lateral splines were spaced equally over the medial and lateral surface o f
the prosthesis, m = 1.6mm, l = 1.2 mm

Figure 2.21: Final Prosthesis Design
The final SolidWorks implant design is illustrated in (a) medial, (b) top, (c) frontal, and
id) lateral views.
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2.3 R esults
2.3.1 A nthropom etric Study
The mean, standard deviation, and range o f the dimensions and angles measured for each
of the eleven specimens included in the anthropometric study are listed in Table 2.2.
The coronoid radius o f curvature 10.8 ± 1.0mm, height 18.4 ± 2.4mm, and depth 9.3 ±
1.7mm displayed relatively small variability. Standard deviations for the medial and lateral facet
lengths, maximum medial facet depths, ridge fillet, and LSN depth all fell between 0.2 and
2.9mm. LSN widths yielded standard deviations between 3.2 and 3.8, while the greatest
variability was seen within the medial and lateral facet angles and LSN angles, having standard
deviations between 5.3 and 13.4°.
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Symbol

Measurement
Radius of Curvature (mm)
Height (mm)
Depth (mm)
Medial Facet Length (mm) 10
20
30
40
Lateral Facet Length (mm) 10
20
30
40
Medial Facet Depth* (mm) 10
20
30
40
LSN WidthT (mm)

l

L3 0

M .4 0
X

M 10

X

M 20

X

M 30

X

M 40

W |_ S N 1 0
W |_ S N 2 0
W LSN 30

9.4-12.7
14.4-22.5
6.9 - 12.0
3.5-13.3
8.8-156
11.2-17.5
12.0-17.9

6.9
9.8
9.8
9.6

±2.6
±2.9
±2.3
±2.2

2.2 - 11.3
4.6 - 14.2
6.2-14.3
5.3-13.1
N/A
0.5- 1.4
0.7- 1.5
0.5-2.1

N/A
N/A
5.8 ±3.8
7.2 ±3.2

N/A
N/A
3.1 -8.4
CO

N/A
0.4 ± 0.3
1.4 ± 0.4
1.3 ±0.6

1

W LSN 40

±1.0
±2.4
± 1.7
±2.9
± 1.8
±1.8
±1.9

T---

Guiding Ridge Fillet (mm)
Medial Facet Angle (°)
10
20
30
40
Lateral Facet Angle (°)
10
20
30
40
LSN Angle§(°)
10
20
30
40

A .2 0

10.8
18.4
9.3
8.4
11.9
13.8
15.3

o

10
20
30
40

<^40

¿"mio
A/120
b M3 0
Amo
A 10

Range

c\i

LSN Depth* (mm)

TtT
20
30
40

r
h

Average

XLSN40

N/A
N/A
N/A
0.6 ±0.2

N/A
N/A
N/A
0 .4 -0 .7

fdfu
9 M 10
9 M 20
9 M30
9 M 40
9 L10
9 L20
9 L30
9 L40
9 LS N 10
9 LS N 20
9 LS N 30
9 LS N 40

1.2 ± 0.5
55.4 ± 10.7
63.3 ±8.3
69.4 ±6.0
73.0 ±5.3
50.4 ± 10.7
54.4 ±8.2
56.0 ±7.6
58.9 ±7.1
N/A
N/A
12.4 ±7.6
8.6 ±5.9

<0.1 - 6.1
41.7-70.4
48.1 -78.5
59.8-78.9
61.3-80.0
29.9-68.8
40.9-67.0
40.9-69.3
45.2-71.2
N/A
N/A
7.1 - 17.8
1.4 - 18.1

X

l s n io

XLSN20
X |_ S N 3 0

Table 2.2: Anthropometric Measurements
The average, standard deviation, and range o f the measurements taken to characterize
the coronoid process are presented above.
Dae to specimen variability in coronoid morphology, a reduced number o f measurements
were taken fo r the following anatomical features:
*Medial Facet Depths: (x wo. n—5), (x M30 . n=8), (x wo. n=10), fLSN Width: (wLsn3 o, n=2),
(WLSN40, n=7), *LSN Depth: (xLSN40. n=3), §LSN Angle: (6 Lsn 30. n=2), (9 LSn 40, n=7)
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2.3.2 C oordinate System
R eliability

and

A nthropom etric M easurement

The ICC values were classified as poor (< 0.20), fair (0.21 to 0.40), moderate (0.41 to
0.60), substantial (0.61 to 0.80), and excellent (0.81 to 1.00) 36. The repeatability of coordinate
system generation was found to be excellent in both intraobserver (ICC=0.997) and interobserver
(ICC=0.987) reliability. ICC values resulting from the anthropometric measurements taken from
the five cadaveric specimens also yielded excellent results in both intraobserver (ICC=0.995) and
interobserver (ICC=0.998) reliability. Each of the measurements examined for reliability were
also analyzed individually to determine if any one anthropometric measurement displayed a less
than optimal ICC value. All measurements yielded excellent ICC values (ICC>0.805); the lowest
ICC values resulted from the reliability analysis of the measurement describing the radius of
curvature of the coronoid process (intraobserver ICC=0.875, interobserver ICC=0.805).
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2.3.3 Im plant D esign
Figures 2.22 and 2.23 show the machined coronoid prosthesis.

Figure 2.22: Various Views of a Prosthetic Device for the Coronoid Process
The stainless steel prosthetic device fo r a left coronoid process is shown. Images show:
(a) the proximal articular surface, (b) lateral view, (c) posterior surface and (d) medial
views o f the implant. The anatomical coordinate system, indicating the orientation o f the
implant as it would be implanted into a human arm, is indicated in each figure above:
A = Anterior, M/L= Medial/Lateral, P/D- Proximal/Distal.
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Figure 2.23: A Prosthetic Device Designed for Coronoid Hemi-Arthroplasty
The coronoid prosthesis, mounted on a steel fixation post fo r implantation, is shown
adjacent to a one cent coin to indicate the relative size o f the structure.
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2.4 D iscussion
The majority o f the anatomical features measured in the anthropometric study yielded
reasonably small standard deviations, indicating that a single implant size and shape may fit well
in a similar population o f elderly male cadaveric specimens. The angles measured for the medial
and lateral facets were widely variable in comparison to the other measurements, suggesting that
the angulation o f the articular contact area between the coronoid and the trochlea may be the
most difficult feature to replicate when developing an anatomic hemi-arthroplasty. Anterior
views o f four cadaveric specimens at various levels o f coronoid height can be seen in Figure
2.24, illustrating the variability experienced in the medial and lateral facets o f the coronoid
process.
The variability o f the resulting measurements in this study was reduced as a result o f the
subgroup chosen (adult male). Larger variability would almost certainly be observed if the
selected scans had included females as well. Future work is needed to develop a larger database
o f anthropometric data for both woman and men, and right and left sides so that a family o f
implant sizes and shapes can be generated for the development o f an off-the-shelf prosthesis by
industry. The low variability o f the measured parameters in the 11 male CT scans suggest that if
similar trends are seen in women, that only a small number o f implant sizes may be needed for
the development o f an ‘off-the-shelf commercial prosthesis. Further studies are needed to
determine if there are other gender or race specific differences in anthropometric parameters
other than coronoid size.

90

10%

20%

30%

40%

50%

60%

70%

\

80%
*

'' ' -'Iw a &"

>‘^ v_-e"

90%

10 0%

^

a)

b)

;*>^,i„|ff^ '-

c)

\ A
v^ <__ .-•

‘ )

d)

Figure 2.24: The Anatomical Variation of the Coronoid Process
The variable geometry o f the coronoid process is depicted in the Computed Tomography
scans o f fo u r cadaveric ulnae.
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Medial and lateral facet angles as well as facet widths trend from large to small from
posterior to anterior, indicating that the coronoid process becomes progressively narrower and
more peaked as it is ascended. The concavity o f the medial facet is also variable with height, as it
becomes increasingly curved towards the base of the structure, indicated by the increasing trend
o f the maximum medial facet depths from anterior to posterior. The lack o f symmetry and
uniformity within the structure highlights the complex geometry of the coronoid process.
Variability in the location of the LSN and commencement of curvature of the medial
facet resulted in a reduced number of measurements for anatomical features describing these
structures. The anterior boundary o f the LSN was found to originate between the 20% and 40%
plane, giving only n=2 and n=7 for the 30 and 40% planes respectively for LSN angles and
widths. LSN curvature was not observed above the 40% plane, resulting in an n=3 for this
dimension in the 40% plane only. For approximately half o f the specimens, medial facet
curvature began at the 20% plane, while all but one exhibited concavity at 40% of the height of
the coronoid. This resulted in an n = 5, 8, and 10 for the 20, 30, and 40% coronal planes
respectively. It may be beneficial to consider a larger sample size in the future to more accurately
define these variably present geometrical features. The design of a coronoid implant for
replacement of defects greater than 50% of the coronoid will need to consider the articulation of
the radial head with the implant. Whether the LSN needs to be incorporated into the design of a
coronoid implant is unclear and requires further study.
Elderly male cadaveric specimens were used in this anthropometric study; as such the
effects of age and osteoporosis may have caused the results to deviate from those which would
be found in women and in a younger population. To reduce these effects, specimens with
osteophytes and arthritis were excluded from analysis. An additional limitation of this study was
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that measurements were based on osseous parameters only; the anatomical dimensions did not
incorporate the effects of cartilage thickness. However, the final implant design was adjusted to
correct for this shortcoming using data from a parallel study, as was discussed in Section 2.2.2.
The statistical analysis o f the repeatability and reliability of the data acquisition
associated with the anthropometric study yielded overall positive results. The repeatability of
coordinate system generation was found to be excellent in both intraobserver (ICC=0.997) and
interobserver (ICC=0.987) reliability. These results suggest our coordinate system generation
method is highly repeatable, and is a useful and reliable tool for determining anthropometric
characteristics for the proximal ulna. The high ICC values for coordinate system generation may
have resulted in part due to the method described for flat spot point placement, which specified
consistent distances for these digitizations. ICC values resulting from the anthropometric
measurements taken from the five cadaveric specimens also yielded excellent results in both
intraobserver (ICC=0.995) and interobserver (ICC=0.998) reliability. Each of the measurements
examined for reliability was also analyzed individually to determine if any one anthropometric
measurement displayed a less than optimal ICC value. All measurements yielded excellent ICC
values (ICC>0.805), although the reliability o f the coronoid radius of curvature measurement
was found to be slightly lower than the other measurements included in this study (intraobserver
ICC=0.875, interobserver ICC=0.805). The radius of curvature measurement was produced by a
least-squares circle-fit algorithm, which used the input of the points digitized along the coronoid
portion of the greater sigmoid notch (approximately one quarter of a circle). Given the lower ICC
values observed for intraobserver and interobserver reliability respectively, use o f a circle fit
algorithm for determining the radius of curvature based on such a small portion of the circle may
not be optimal. As curve fit errors have been shown to be inversely related to the proportion of
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the arc available for digitization, it is possible that the low ICC values determined for the radius
of curvature measurement can be attributed to the process of curve fitting, rather than poor
repeatability j7' 38. It is therefore suggested that digitization o f the entire greater sigmoid notch be
considered in future studies as it may produce more reliable radii measurements.
Anthropometric measurements were determined in this study by importing processed 2
dimensional CT images into Materialise’s Interactive Medical Image Control System (Mimics®:
Materialise BV, Leuven, Belgium). Due to the nature of 3D surface reconstruction, some error
was inevitably associated with this process. The software package uses interpolation algorithms
which are designed to use sub pixel values, meaning the 3D reconstruction calculation has a
maximal error of Vi of a pixel size. This corresponds to an error of at most 0.2mm between the
dimensions o f the actual body and the reconstructed surface . Three dimensional model
generation is accomplished by triangulation of the segmented area, where the number of triangles
determines the quality of the reconstruction. A setting o f low, medium, or high may be chosen to
define the number o f triangles within the model. The medium quality setting was selected for
reconstruction in this study to find a balance between model complexity and system
performance. As a higher quality setting may yield more accurate measurements, its use should
be considered when feasible.
A principal challenge associated with creating accurate three dimensional models is
found in separating the bone from the surrounding soft tissue. This is accomplished in the
Mimics software through a process referred to as “thresholding”. In this process, the user selects
a region of interest by defining a range of “grey values” by selecting upper and lower radiointensity boundaries. All pixels encompassed within the range selected are highlighted and used
to create the 3D model, effectively discarding pixels o f unwanted intensities. The range of values
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suggested in mimics for the segmentation o f bone from surrounding tissue defines the lower and
upper thresholds as 226 and 3071 Hounsfield units (HU) respectively. Following completion of
the model according to these guidelines, the operator inspects the result of the segmentation
visually. While the bone should theoretically be the only structure present, specimen variability
may an adjustment to the range of grey values in order to discard additional tissue, or reintroduce
omitted bony anatomy. Additionally, adjacent soft tissue with radio-density greater than 226 HU
can be manually excluded through the use of the “erase pixel” function. It is relatively easy to
visualize when bony structures are missing, as it results in very flat topography not otherwise
seen in the model, while additional tissue can be identified as a grainy addition to an otherwise
smooth surface.
The accuracy o f the implant design is largely dependent upon the error accumulated in
the anthropometric study. Linear approximations used for multi-plane measurements in an effort
to create a smooth articular surface may present an additional source of inaccuracy. This
approximation was however crucial, as explained in Section 2.3, in ensuring the implant's
compatibility with the other osseous structures of the elbow. Furthermore, the manipulation of
data to create a smooth continuous surface resulted in very minimal changes from the actual
values measured in the anthropometric study.
As is presented in Table 2.3, the differences between the original dimensions resulting
from the anthropometric characterization of 11 cadaveric ulnae and the dimensions determined
using the linear fit method were quite small, often less than a 1mm (or 1° in the case of the facet
angle measurements). As these deviations were sufficiently small, the error associated with this
data manipulation is likely minimal. No comparison of this sort can be made for measurements
relating to the lesser sigmoid notch, where a linear relationship between measurement and
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location (coronal plane) was used to extract dimensions above the 30% plane, as no
measurements above this height were obtained from the anthropometric study. Future joint
contact studies should be conducted to investigate the effect of this prosthetic device on the
surrounding structures of the elbow joint.
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Measurement

Medial Facet Width (mm)

10
20
30
40
Lateral Facet Width (mm) 20
30
Medial Facet Angle (°)
10
20
30
40
Lateral Facet Angle (°)
10
20
30
40
Medial Facet Depth (mm) 20
30
40

Anthropometric
Study [A]
Dimension
6.49
10.52
12.81
14.54
7.86
8.00
55.37
63.64
69.39
73.03
50.03
54.57
56.00
58.90
0.84
1.04
1.23

Design [D]
Dimension

Difference
1a -d |

6.97
9.72
12.47
15.22
5.97
7.04
56.19
62.25
68.32
74.38
50.49
53.41
56.34
59.27
0.84
1.04
1.23

0.48
0.81
0.34
0.67
1.88
0.96
0.82
1.09
1.07
1.35
0.45
1.16
0.34
0.36
<0.01
<0.01
<0.01

Table 2.3: A Comparison of Dimensions Resulting from the Anthropometric Study and
Dimensions Used in the Final Prosthesis Design
The final dimensions used in the design o f the prosthetic device, which were manipulated
to create a smooth and continuous surface, are compared to the original dimensions
which resulted from the anthropometric characterization o f the coronoid process. The
difference in the two dimensions was often less than a mm, indicative o f the small
magnitude o f change that the data manipulation induced.
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In conclusion, the investigations discussed in this chapter resulted in the design and
development of a novel prosthetic device for the coronoid process. Additionally, the
anthropometric characterization o f the coronoid, conducted from the purpose of implant design,
will contribute to the literature focused on describing the anatomy of the proximal ulna. The
anthropometric data, as well as the general trends observed during the characterization of the
coronoid process, will be of use for potential future prosthetic designs. Furthermore, the methods
used to adjust the raw data to create a smooth and continuous implant design may be helpful for
future attempts to produce prosthesis for other complicated and variable anatomic structures. The
information in this chapter will be valuable for determining the feasibility of production and
clinical use of a coronoid prosthetic device; however, biomechanical and clinical studies are
required.
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Chapter 3 - The Biomechanical Testing and Evaluation of Four
Fixation Techniques for a Coronoid Prosthesis
O v e r v ie w
In this chapter, various methods o f fixation o f a coronoid prosthesis to hone were
examined. Using a custom designed jig, the effects o f using cement, screws, and a
press fit method fo r implant fixation were explored.

3.1 Introduction
In recent years, joint replacement surgery has become an excellent treatment option for
relieving pain and restoring function to damaged and arthritic joints M. Despite the initial
success o f this technique, the durability of implanted prosthetic devices is limited v7.Wear and
aseptic loosening are the major factors affecting the long-term survivorship o f joint replacements
6'9. In the case of elbow replacements, component loosening is the most common reason for
revision surgery 4; 10; 11. Hemi-arthroplasty, where only half of the joint is replaced, is a well
established surgical procedure which has been successfully implemented to restore the function
o f various joints in the human body l2' 14. The concept of replacing only half of the joint may be a
beneficial alternative to total arthroplasty, as it preserves more native bone and can reduce
surgical time and cost l5. Hemi-arthroplasty is particularly useful when only one side of an
articulation is damaged such as typically occurs with proximal humeral and femoral neck
fractures. As with total joint arthroplasty, aseptic loosening has been identified as the major
mode of failure for hemi-arthroplasty procedures 16’19.

The biomechanical study presented in this chapter will be formatted for and submitted to the Journal of Shoulder and
Elbow Surgery. First Author Alia Gray BEng.
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The history o f elbow joint replacement surgery dates back to the mid 1900’s, when
implants were designed to replace the distal humerus and radial head 20'22. Since then, a number
of prosthetic devices designed to replace the joint in full or in part have been developed. Popular
for their ease of insertion, stemless implant designs were originally used in elbow replacement
surgeries 23. Due to problems with loosening, most implants have been revised to incorporate a
stem, designed to insert into the medullary canal to further stabilize the device 14,23. The stems of
prosthetic devices designed for joint replacement may be implanted with or without cement.
While cementing an implant in place has been shown to reduce micro-motion1, uncemented
implants may increase the long term success of joint replacement, especially in the case of
younger more active patients

' . An uncemented option may be selected where long term

survival is a priority, given the potential for bony ingrowth and durable biological fixation 28'30.
Uncemented devices are typically constructed from porous materials designed for bony
ingrowth, where the interface between the implant and ingrowing bone has been shown to
stabilize the joint replacement 31- 32. The results of various studies however indicate a need for
screws or other stabilizing devices, in addition to the porous stem, to increase stability and
reduce micro-motion, especially during the early stages of healing where bone ingrowth is not
yet established

' . Arthroplasty of the elbow joint is commonly performed with the use of

cement for fixation; however several cementless designs exist, sometimes reporting better
outcomes than cemented options 38-4'.

1 A localized undesirable motion, which may result in displacements (typically < 500 microns) at an interface between
bony tissue and a biomaterial. This may be an opening at an interface (gapping) or a translational displacement along an
interface, which is assoiated with external physiological loading.
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It is important to determine the optimal fixation method in an effort to avoid component
loosening and prolong implant survival. Biomechanical investigations have shown that the initial
stabilization of the implant, where micro-motion is reduced, is essential for proper fixation and
osseointegration4" 43. Furthermore, excessive implant micro-motion has been shown to promote
the ingrowth of fibrous tissue, rather than bone, which has not been shown to be sufficient in
ensuring stability4245. Revision surgeries are typically more technically difficult, time
consuming, expensive, and have a higher incidence of complications 6’46_48. No previous studies
have examined implant fixation techniques for the coronoid process, as there are no
commercially available implants. Thus, every feasible solution should be explored to determine
the mechanically superior method for implant fixation. Although the clinical and mechanical
implications for the use of cemented and cementless implants have been examined for various
joint replacement procedures, to our knowledge no study has examined the use of cement in
coronoid hemi-arthroplasty 24'27. As an intramedullary stemmed implant design will not be
applicable, as the shaft of the ulna lies perpendicular to the base of the coronoid prosthesis, the
remaining feasible fixation methods include: press fit cementless fixation, screw fixation, and
post cementation.
The purpose of this study was to evaluate four fixation techniques to secure a coronoid
prosthesis, which was discussed in detail in Chapter 2, to the proximal ulna. The strength of each
fixation method was examined using a custom designed jig and a materials testing apparatus. We
hypothesized use of cement would minimize prosthesis micro-motion, while posterior to anterior
screws will provide the most secure fixation for an uncemented coronoid implant.
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3.2 M ethods
3.2.1 P rosthesis D esign
A simplified coronoid prosthesis was designed and produced for use in biomechanical
testing based on the results the anthropometric study discussed in Chapter 2. The anatomical
characteristics of 18 cadaveric specimens (mean age 64.4 years [range 42 to 90 years], left
arm s:ll, right arms:7, male arm s:ll, female arms:7) were measured from CT scans using
Materialise’s Interactive Medical Image Control System (Mimics®: Materialise BV, Leuven,
Belgium). Measurements defining the height, proximal-distal depth, medial-lateral width, and
facet angles o f the coronoid process were used to generate the design. In order to obtain a
reasonable fit between the implant’s articular face and the fracture surface, the measurements for
depth, width, and facet angles were taken within a coronal plane located at 40% of the height of
the coronoid process. The resulting measurements for the medial and lateral facet angles (69°
and 59° respectively) were averaged to produce a single angle (65°) for both facets such that a
single implant could be used for both left and right specimens. The resulting averages for these
features are given in Table 3.1.
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Anatomic
Characteristic

Height (mm)
Depth (40%) (mm)
Width (40%)
Medial (mm)
Lateral (mm)
Facet Angles (40%)
Medial (mm)
Lateral (mm)

Average
Measurement

Cartilage
Thickness
Correction
(mm)
n/a
1 5**

Dimension
Used

13.3 ±2.4
7.7 ± 1.6

n/a

20

69.1 ±9.2
59.3 ±6.4

n/a

65

15.5 ±4.3
9.0 ± 1.5

6.4*
9

Table 3.1: Anthropometric Measurements fora Simplified Coronoid Prosthesis
Averaged results fo r measurements defining the height, proximal-distal depth, medial
lateral width, and facet angles o f the coronoid process used to generate an implant
design are shown.
* The approximate fu ll coronoid height (16mm) was multiplied by 0.40 to produce a 40%
implant, giving a prosthesis height o f 6.4mm
** An approximate value o f 1.5mm was added to the depth o f the implant to account for
cartilage thickness.
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The implant was designed using SolidWorks 3D CAD Design Software® (SolidWorks®,
Dassault Systems, Velizy-Villacoublay, France), and was manufactured by The University of
Western Ontario Machine Shop. Four separate holes were placed in the implant, as illustrated in
Figure 3.1 where images of the SolidWorks design are shown. Two holes on the posterior
surface were used to attach and secure an optical tracking device to the implant to monitor its
motion relative to the ulna. The two holes running straight through the implant and a fixation
post were designed to accommodate screws for antero-posterior (AP) and postero-anterior (PA)
fixation methods. The effects o f coronoid cartilage thickness were incorporated into the
prosthesis design using the results from a parallel research conducted in our laboratory. In this
study, which investigated the articular surface of the proximal ulna, an average thickness of 1.45
± 0.39mm was determined for the face of the coronoid by measuring the cartilage depth in 24
cadaveric specimens at locations on the guiding ridge, on the medial and lateral facets, and on
the sublime tubercle 49. Although the focus of this study was to investigate mechanical fixation,
and the exact morphology o f the implant was likely of little importance, 1.5mm was added to the
proximal-distal width o f the implant to compensate for cartilage thickness in an attempt to
appropriately size the base o f the implant to match the coronoid fracture surface. This size
matching was incorporated into the implant design to more accurately represent the interaction at
the fracture surface which may be encountered following a true coronoid replacement procedure.
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MIL

Openings for AP and
PA screw fixation
Threaded holes
to secure the
implant tracker
mount

Figure 3.1: Simplified Coronoid Prosthesis - CAD Images
An anterior view (a), isometric view (b), and posterior view(c) o f the simplified coronoid
prosthesis are shown. The fo u r holes drilled into the body o f the prosthesis, and their
functions are highlighted. Anatomical orientation is also highlighted, where A indicates
anterior, P indicates proximal, and M/L indicates medial or lateral (as the prosthesis is
symmetrical).
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The post o f the implant was designed as an elliptical shape to reduce the medial-lateral
rotation o f the prosthesis, as a circular post would provide little resistance against this type o f
motion. To determine the length o f the post, the 3-D Mimics models o f ten cadaveric ulnae were
measured from the tip o f the coronoid process directly posteriorly to the commencement of
cortical bone at the flat spot o f the ulna (Figure 3.2). The smallest resulting measurement from
the ten specimens was 33.2 mm. The entire height o f the prosthetic device, including the post
and articular face, was then designed to be 18 mm. This dimension resulted in a total prosthesis
height approximately 15 mm shorter than the smallest measurement taken from the cadaveric
ulna. This reduced height was chosen to ensure the implant post would be sufficiently long to
provide support during fixation and properly align the PA and AP screws, but to also ensure its
fit within smaller specimens. Furthermore, as it was necessary to evacuate a cavity to
accommodate the post, a buffer space was required to ensure the posterior surface o f the ulna
was not damaged during this process. The creation o f this buffer space was an imperative
measure, as the destruction o f the posterior surface would have destroyed the cortical bone
needed for AP and PA screw fixation, rendering the specimen unusable for biomechanical
testing. Figure 3.3 presents the simplified coronoid prosthesis adjacent to the anatomical
coronoid prosthesis designed in Chapter 2, depicting the difference between the two implants.
Load was applied to the coronoid prosthesis using a custom designed fixture, developed to fit
against the medial and lateral facets o f the implant (Figure 3.4). The loading fork was attached to
the end o f a threaded bolt, which was screwed into the materials testing machine and secured by
a stainless steel nut. The applicator was designed in SolidWorks 3D CAD Design Software ®
(SolidWorks ®, Dassault Systems, Velizy-Villacoublay, France) and produced by The
University o f Western Ontario Machine Shop.
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Figure 3.2: Anterior To Posterior Coronoid Dimension
A measurement describing the total height from the tip o f the coronoid to the fla t spot o f
the posterior ulna was taken from the 3-D models o f 10 cadaveric specimens. This
dimension was used to limit the total height o f the post and articular surface o f the
implant, to ensure an appropriate f it in even small cadaveric specimens. A further 10mm
was removed from this height to account fo r smaller specimens, and to provide a buffer
region to protect the posterior surface o f the ulna during the drilling o f the fracture
cavity.
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Figure 3.3: Anatomical and Simplified Coronoid Prostheses
The simplified coronoid prosthesis designed fo r the fixation method testing (right) is
shown beside the anatomical prosthesis design (left) used in Chapter 4 o f this thesis.

Figure 3.4: Custom Loading Apparatus
The custom designed loading apparatus illustrated in image (a) was designed to apply
force to the prosthetic device, mimicking the action o f the distal humerus. Arrows (left to
right) in image (a) highlight the custom designed loading fork, designed to fit
congruously with the articular face o f the implant, the threaded bolt used to join the
loading fork and testing machine, and the nut used to tighten the threaded bolt to the
testing machine. The congruous fit between the custom designed load applicator and the
medial and lateral facets o f the simplified implant (b) is shown as the implant is loaded
during PA screw fixation. Anatomical orientation is also indicated, where A indicates
anterior, P indicates proximal, and L indicates the lateral direction.
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3.2.2 Biomechanical Testing
3.2.2.1

S p e c im e n P r e p a r a t io n a n d T e s t S e t u p

The soft tissues were removed from seven fresh frozen ulnae (mean age 75.5 years [range
60 to 84 years], left arms: 5, right arms:2, male arms:6, female arms:l) and the bones were
potted in rigid tubing with bone cement. Digital calipers (Digimatic model CD-6; Mitutoyo
Corp, Japan) were used to measure the height o f each coronoid process, and an oscillating
sagittal saw was used to simulate a transverse 40% coronoid fracture on each ulna.
Testing was performed in a materials testing machine (Instron 8501®, Instron, Canton,
MA, USA). The specimens were mounted in a jig used to align each ulna. The important aspects
o f the testing set up are indicated in Figure 3.5. Each cadaveric specimen was potted with cement
in PVC piping and secured into the jig, which could be positioned vertically, or at an angle such
that the implant could be accurately aligned with the loading apparatus. The coronoid prosthesis,
designed to accommodate four different fixation methods, was secured to the bone using screws,
cement, or a press fit method. The custom designed load applicator, manufactured to fit
congruously with the medial and lateral facets o f the implant (as illustrated in Figure 3.4), was
used to simulate the action o f the distal humerus on the prosthetic device. Load was applied
perpendicular to the face o f the implant and was located at the midpoint between the base and tip
o f the prosthesis.
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Figure 3.5: Materials Testing Machine and Jig
Biomechanical testing was performed in a materials testing machine, shown on left in
image (a). Each cadaveric specimen was potted in cement and was secured in a jig used
to align the ulnae and coronoid prosthesis fo r testing. In a schematic o f the loading setup
(b) the important aspects o f the testing setup are shown: a) bolt used to secure custom
testing apparatus to materials testing machine, b) custom loading apparatus - threaded
bolt, c) custom loading apparatus - loading fork designed to fit congruously with
articular implant face, d) optical tracker - secured to coronoid prosthesis, e) optical
tracker - secured to stationary ulna. Loading direction is indicated in image (a) by blue
arrow.
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3.2.2.2 P ress F it, Screw , and Cement Fixation M ethods
Four implant fixation methods were investigated: a press fit, two anterior to posterior
(AP) screws, two posterior to anterior (PA) screws, and cement. After simulation o f a Type II
coronoid fracture, a cavity was created in the cancellous bone, located in the central region o f the
fractured surface, to accommodate the post of the prosthetic device, as seen in Figure 3.6. Press
fit fixation was accomplished by tapping the post o f the implant, which was slightly larger than
the evacuated space, into the cavity in the fracture surface. Two 2.4-mm cortical screws
(Synthes, Missisauga ON, Canada) were employed for anterior-posterior fixation. A 1.8mm drill
bit was used to drill holes directed posteriorly though the fracture surface, exiting through the
posterior surface o f the proximal ulna. The screws were then passed through the implant and
securely fixed into the cortical bone o f the posterior ulna, securing the implant in the AP method
(Figure 3.7). PA fixation was achieved by passing two machine screws (#5-40, D=3.18mm)
through the posterior surface o f the ulna, after the holes created for AP fixation had been
widened to accommodate the larger screw diameter. The machine screws were then passed
through the body of the prosthesis, and were secured on the structure’s anterior surface with two
stainless steel nuts (Figure 3.8). Refer to Figure 3.9 tor a schematic o f the use of screws with the
prosthetic device. After testing of the press fit and screw fixation techniques, a rotary drilling
tool was used to widen the void in the metaphysis o f the proximal ulna to create space for the
surgical cement (Simplex™ P bone cement, Stryker, Hamilton, ON, Canada). After filling the
opening in the fracture surface with cement, as is demonstrated in Figure 3.10, the post of the
implant was pressed in place, and was held stationary until the cement had hardened
(approximate! 10 minutes).
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Figure 3.6: Simulated Type II Coronoid Fracture and Void for Implant Post
The simulated 40% coronoid fracture is illustrated here. A cavity was created in the
cancellous bone, located in the central region o f the fractured surface, to accommodate
the post o f the prosthetic device
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Figure 3.7: Anterior-Posterior Implant Fixation
Two 2.4-tnm cortical screws were used fo r anterior-posterior fixation. As illustrated
above, the screws were passed through the body o f the implant and were securely
fastened into the cortical bone on the posterior surface o f the bone. Images (a) and (b)
present medial and anterior views o f the implant respectively.

Figure 3.8: Posterior-Anterior Implant Fixation
Two machine screws were passed through the bone and implant, and were secured on the
anterior surface o f the prosthesis with two stainless steel nuts. Images (a) and (b) present
medial and anterior views o f the implant respectively.
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Figure 3.9: Screw Fixation Schematic
Screw fixation was accomplished by inserting the screws through the two anterior
posterior holes in the implant, and securing the screw into either cortical bone on the
posterior surface o f the ulna or metal nuts on the anterior surface o f the implant.
Machine screws are inserted through the implant in image (a), depicting posterior
anterior screw fixation, while image (b) displays screw positioning fo r anterior-posterior
fixation.

Figure 3.10: Cement Fixation
Surgical cement (Simplex™ P bone cement, Stryker, Hamilton, ON, Canada) was used to
secure the implant in the cement fixation option. As illustrated above, the void created
within the fracture surface fo r the post o f the prosthetic device was widened and filled
with wet cement. The post o f the implant was then pressed in place, and was held
stationary until the cement hardened.

117

3.2.2.3 Implant T racking and L oading P rotocol
Optical trackers (Figure 3.11a) were mounted on the shaft o f the ulna and on the
prosthetic device. An optical tracking system (Optotrak Certus®, NDI, Waterloo, ON, Canada),
shown in Figure 3.1lb, was used to track the motion o f the implant with respect to the stationary
ulna. The sensors of this tracking system function by detecting infrared-emitting trackers affixed
to either the implant or stationary ulna. The position sensor tracks the position and orientation o f
the object o f interest throughout the loading protocol based on the information the position
sensor receives from the markers. A stylus which was attached rigidly to a fourth optical tracker
was used to digitize points on the proximal ulna to create an anatomical coordinate system so
that implant micro-motion could be analyzed. Three points were digitized on the base o f the
articular face o f the implant (medial, lateral, and ridge points as illustrated in Figure 3.12) to
monitor the micro-motion o f the implant throughout the testing protocol.
Fixation was performed sequentially (press fit, AP, PA, cement), as described in Figure
3.13. It was thought that the void created for the post o f the implant could potentially be widened
by mechanical testing, and thus the press fit fixation method was tested first, as the tight fit
within the bone was o f primary importance. As the same bone tunnels were used for both screw
fixations, the AP method was tested prior to the PA method, as the AP cortical screw diameter
was less than the PA machine screw diameter. Cement fixation was performed last, as the void in
the metaphysis o f the proximal ulna was widened for this fixation method. Additional testing
was not possible after cement fixation o f the implant because removing the cement would not
have been possible without damaging the specimen.
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Figure 3.11: Optical Tracking System
The optical tracking system, which was used to track the motion o f the implant in each
fixation method throughout the loading protocol, is shown. Infrared emitting markers (a)
were secured to the stationary ulna and implant, while motion was detected by sensors on
the Optotrak Cert us" illustrated in image (b). Arrows in the figure indicate the infrared
emitting markers, and sensors o f the optical tracking system in figures (a) and (b)
respectively.

Figure 3.12: Digitized Points on the Articular face of the Coronoid Prosthesis
Three points were digitized on the base o f the articular face o f the implant to monitor the
motion o f the prosthesis with respect to the stationary ulna; medial (a), lateral (b), and
ridge points (c).

r
Press Fit Fixation
The implant was then lightly hammered into a cavity created to accommodate
the post of the prosthesis. Each specimen was loaded for 100 cycles at 1 Hz
in 50 N increments, from 50 N up to 400 N.

X
Anterior-Posterior Screw Fixation
Holes were drilled, directed posteriorly though the fracture surface, aligned
with the two holes passing through the implant. The screws were then
passed through the implant and securely fixed into the cortical bone of the
posterior ulna, securing the implant in the AP method. Each specimen was
loaded for 100 cycles at 1 Hz in 50 N increments, from 50 N up to 400 N.

Posterior-Anterior Screw Fixation
Machine screws were passed through the posterior surface of the ulna, and
were secured on the structure’s anterior surface with two stainless steel nuts.
Each specimen was loaded for 100 cycles at 1 Hz in 50 N increments, from
50 N up to 400 N.

Cement Fixation
After filling the cavity in the fracture surface, widened for cement fixation, with
cement, the post of the implant was pressed in place, and was held
stationary until the cement hardened. Cement fixation was tested in each
specimen for 100 cycles at 1 Hz in 50 N increments, from 50 N up to 400 N.

Figure 3.13: Testing Protocol
A flow chart illustrating the testing protocol, where press fit, screw fixation, and cement
fixation methods were subjected to cyclic loading, is presented.
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Cyclic loading was applied to the coronoid prosthesis via the actuator of the testing
system. Each specimen was loaded for 100 cycles at 1 Hz in 50 Newton increments, from 50 N
up to 400 N, in the press fit, screw, and cement fixation methods. Testing was continued to the
end of the loading cycle, or to the point of failure, defined as a 3-dimensional displacement
exceeding 2mm at any one of the three digitized points (medial, ridge, or lateral). A schematic of
the loading protocol is presented in Figure 3.14.
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Figure 3.14: Implant Cyclic Loading
The micro-motion o f each fixation method was evaluated in response to cyclic loading,
where each specimen was loaded fo r 100 cycles at 1 Hz in 50 Newton increments, from
50 N up to 400 N. Testing was continued to the end o f the loading cycle, or to the point o f
failure, defined as a 3-dimensional displacement exceeding 2mm at any one o f the three
digitized points (medial, ridge, or lateral).
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3.2.2.4 Tracking A natomically R elevant Prosthesis M icro
M otion
An anatomical coordinate system (shown in Figure 3.15 with the three types of motion
described in this study) was generated for each specimen such that the motion of the three
digitized points (medial, ridge, and lateral) could be described with respect to the anatomical
planes of the body. The coordinate system was generated using a similar method to the
coordinate system generation in Chapter 2, where digitizations of the Greater Sigmoid Notch
(GSN) and two flat points on the posterior surface o f the ulna were utilized to generate an ulnar
coordinate system (Figure 3.16). The center of the greater sigmoid notch was determined from a
trace of the structure using a least-squares circle-fit algorithm. The center of curvature of the
GSN and a plane through the digitization o f the guiding ridge describe the origin and the sagittal
plane of the ulnar coordinate system respectively. As 40% of the coronoid had been removed to
simulate a fracture, and the olecranon had been excised for ease of loading, only the remaining
central region o f the GSN was used in coordinate system generation. The medial-lateral axis (z
axis) o f the coordinate system was defined by a vector passing through the center of the GSN
orthogonal to the plane described by the trace of the guiding ridge. The proximal-distal axis of
the coordinate system was defined by two points placed on the posterior surface of the ulna. The
vector product (refer to Appendix B, Equation B .l) was then used to produce a third orthogonal
vector, creating the anterior-posterior axis of the ulnar coordinate system. Three types of motion
(refer to Figure 3.15) were analyzed to describe the behavior of the prosthetic device in response
to the applied loads; distal translation {Ad), gapping (Ag) (the anterior translation of the ridge
point), and axial rotation (a) (rotation about the anterior-posterior axis).
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Figure 3.15: Prosthesis Motion with Respect to Coordinate Axes
Three types o f motion recorded during biomechanical testing o f the coronoid prosthesis
are highlighted above with respect to the coordinate axes. Distal translation (Ad)
described the motion o f the prosthesis parallel to the proximal-distal axis, monitoring the
distal displacement o f the implant. Gapping (Ag) described the motion o f the implant
parallel to the anterior-posterior axis; a displacement in this direction indicated a
separation o f the articular face o f the implant and the coronoid process. Axial rotation
(a) described the rotational motion o f the prosthesis about the anterior-posterior axis o f
the anatomical coordinate system. The directions o f the arrows indicating distal
translation and gapping are indicated in the direction o f expected displacement, as the
implant was expected to move in the direction o f loading, and to gap away from the
articular surface o f the coronoid. The rotational motion is indicated as clockwise above;
however no specific trend was expected in terms o f implant rotation.
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Figure 3.16: Ulnar Coordinate System Generation
A trace o f the greater sigmoid notch (red) and two fla t spots (blue) on the posterior
surface o f the proximal ulna were used to generate an ulnar coordinate system in order
to track the movement o f the prosthesis with respect to coordinate axes. As 40% o f the
coronoid had been removed to simulate a fracture, and the olecranon had been excised
fo r ease o f loading, only the remaining central region o f the greater sigmoid notch was
used in coordinate system generation.
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The distal translation motion was determined by tracking the displacement of the
digitized ridge point parallel to the proximal-distal axis o f the anatomical coordinate system,
describing the motion o f the implant in the direction of the applied load. Gapping was described
by tracking the motion of the ridge point parallel to the anterior-posterior axis. This motion
described the displacement of the implant in the anterior direction, such that a displacement
would be indicative o f a widening between the inferior surface o f the implant and the articular
surface o f the coronoid process. In addition to describing translational motion, a third descriptor
of motion, axial rotation, was quantified to monitor the rotational motion o f the prosthetic
device. The axial rotation motion described the rotation of the implant about the anterior
posterior axis. Refer to Figure 3.15 for an illustration of these three types o f motion in relation to
the coordinate axes. The total 3-dimensional displacement of the ridge point, without reference
to the anatomical coordinate system was also used as a failure criterion.

3.2.3 Statistical M ethods
Statistical analysis was performed to compare the three different types of motion (axial
rotation, gapping, and distal translation) between fixation methods. Throughout biomechanical
testing, early failure o f the press fit fixation method occurred. As this fixation method rarely
survived the entire testing protocol, two separate statistical analyses were performed. The first
analysis compared the motion o f the implant during press fit fixation to the other three fixation
methods, where the maximum comparison load was limited by the first press fit failure. This
resulted in a range from 50N - 150N where all four fixation methods could be compared. The
second comparison focused on the screw and cement fixation methods, comparing their motion
over the full loading range of the protocol (50N - 400N). The statistical analysis for this study
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was performed using 2-way (load and fixation method) repeated-measured analysis of variance,
with significance defined at p<0.05.

3.3 R esults
3.3.1 D istal T ranslation
The distal translation of the implant during press fit fixation was greater than both PA
fixation (p=0.001) and cement (p=0.001). The distal translation of the press fit method was
greater than the AP fixation method; however this did not reach statistical significance (p=0.09)
(Figure 3.17).
When the screw and cement fixation methods were compared separately, less distal
translation was observed when the implant was secured with cement fixation than either PA
screw fixation (p=0.04) or AP screw fixation (p=0.01). The direction of screw fixation was also
found to have a significant effect on the motion of the implant in response to an applied load,
where more translation was observed when the screws were fixed using the AP method in
comparison to the PA method (p=0.04) (Figure 3.18).
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Figure 3.17: Implant Distal Translation in Response to Cyclic Loading: Press Fit, Screw,
and Cement Fixation
The mean (+ I SD) distal translation with each o f the four fixation methods in response
to cyclic loading. Significantly greater translation was observed in press fit verses PA
fixation (p=0.0()l). There was no significant difference between the press fit and AP
fixation methods (p=0.09). When the implant was fixed using cement, smaller distal
translations were observed in comparison to press fit fixation (p=0.001).
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Figure 3.18: Implant Distal Translation in Response to Cyclic Loading: AP Screw, PA
Screw, and Cement Fixation
The mean (+ 1 SD) distal translation with the screw and cement fixation methods in
response to cyclic loading. Smaller distal translations were observed when the implant
was secured with cement in comparison to both PA screw fixation (p=0.04) or AP screw
fixation (p=0.01). Significantly more translation was observed when the screws were
fixed using the AP method in comparison to the PA method (p=0.04).
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3.3.2 G apping
Significantly less implant gapping was observed when the implant was fixed with PA
screws (p=0.006), AP screws (p=0.009), and cement (p=0.006) than when press fit fixation was
employed (Figure 3.19).
There was no significant difference in implant gapping between the two screw fixation
methods and cement fixation (p>0.06) (Figure 3.20).
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Figure 3.19: Implant Gapping in Response to Cyclic Loading: Press Fit, Screw, and
Cement Fixation
The mean (+ I SD) anterior displacement (gapping) for each o f the four fixation methods
in response to cyclic loading. In comparison to the press fit fixation method, significantly
less implant gapping was observed when the implant was fixed with PA screws
(p=0.006), AP screws (p=0.009), and cement (p=0.006).
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Figure 3.20: Implant Gapping in Response to Cyclic Loading: AP Screw, PA Screw, and
Cement Fixation
The mean (+ 1 SD) anterior displacement (gapping) for the screw and cement fixation
methods in response to cyclic loading. The effect o f fixation method on implant gapping
motion was not statistically significant (p>0.06).
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3.3.3 A xial R otation
No significant differences were detected when the rotational behavior o f the implant
during press fit fixation was compared with PA and AP fixation (p=0.07 and p=0.4 respectively).
When cement was used to fix the implant, less rotational motion was observed in comparison to
the press fit method (p=0.02) (Figure 3.21).
When the screw and cement fixation methods were examined separately, less rotation
was observed when the implant was secured with cement fixation than either PA screw fixation
(p=0.03) or AP screw fixation (p=0.02). No significant difference in rotational motion was
detected between the two methods o f screw fixation (p=0.6) (Figure 3.22).
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Figure 3.21: Implant Rotation in Response to Cyclic Loading: Press Fit, Screw, and
Cement Fixation
The mean (+ 1 SD) rotation o f the implant with each o f the fo u r fixation methods in
response to cyclic loading No significant differences were detected when the rotational
behavior o f the implant during press fit fixation was compared to PA screw fixation and
AP screw fixation (p=0.07 and p=0.4 respectively). When cement was used to fix the
implant, less rotational motion was observed in comparison to the press fit method
(p=0.02).
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Figure 3.22: Implant Rotation in Response to Cyclic Loading: AP Screw, PA Screw, and
Cement Fixation
The mean (+ 1 SD) rotation o f the implant with the screw and cement fixation methods in
response to cyclic loading Less rotational motion was observed when the implant was
secured with cement fixation in comparison to both PA screw fixation (p=0.03) and AP
screw fixation (p=0.02). There was no significant difference between the two methods o f
screw fixation (p=0.6).
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3.3.4 T otal 3D D isplacem ent
In a comparison o f press fit fixation with the other three fixation methods, the overall 3D
displacement o f the ridge point was found to be significantly less when the implant was fixed
with PA screws (p=0.006), AP screws (p=0.009), and cement (p=0.004) (Figure 3.23).
When the screw and cement fixation methods were examined separately, the 3D
displacement o f cement fixation was found to be significantly less than the displacement for both
PA and AP screws (p=0.02). 3D displacement was less with the PA verses the AP screws but this
was not statistically different (p=0.07) (Figure 3.24).
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Figure 3.23: Implant 3-Dimensional Displacement in Response to Cyclic Loading: Press
Fit, Screw, and Cement Fixation
The mean (+ 1 SD) 3-dimensional displacement fo r each o f the fo u r fixation methods in
response to cyclic loading. The 3D displacement o f the ridge point was found to be
significantly less when the implant was fixed with PA screws (p~0.006), AP screws
(p=0.009), and cement (p=0.004) than when press fit fixation was employed.
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Figure 3.24: Implant 3-Dimensional Displacement

in Response to Cyclic Loading: AP

Screw, PA Screw, and Cement Fixation
The mean (+ 1 SD) 3-dimensional displacement for each o f the fo u r fixation methods in
response to cyclic loading. 3-dimensional displacement was found to be significantly
smaller when the implant was fixed with cement in comparison to both PA and AP screw
fixation (p=0.02). No significant difference was detected between the two methods o f
screw fixation (p=0.07).
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3.4 D iscussion
As loosening is the most common cause for revision following elbow joint replacement
surgery, establishing the optimal method for implant fixation is beneficial as it may contribute to
the reduced need for additional surgical interventions 4’ 10,

The loading protocol used in this

biomechanical study was based on the typical loads experienced within the human elbow. The
maximum elbow flexion strength has been shown to occur at 90°, where a force of
approximately three times the weight of the body has been estimated to pass through the elbow
with heavy lifting 50. Given this information, a force o f approximately 2000 N may then be
experienced in the elbow joint, based on average body weight of 70 Kg. The ulnohumeral joint
may be expected to experience 800 N of this force, based on the work of Halls and Travill, who
reported that an applied axial force is distributed across the joint with 40% crossing the
ulnohumeral joint and 60% crossing the radio humeral articulation 51. This estimate o f 800 N
across the ulnohumeral joint is a maximum loading case; it would be unlikely that a patient
would perform strenuous lifting following coronoid hemi-arthroplasty surgery. Furthermore, this
load would be distributed over the entire articular surface o f the greater sigmoid notch. Hence,
applying a force of this magnitude to only the anterior 40% of the coronoid process would be
well in excess o f the regular physiological load experiences in this area. The maximum load for
this study was reduced to 400 N, approximately half of the maximum potential load, to more
accurately represent the stresses experienced by patients in post surgical rehabilitation, where
extreme positions and excessive elbow stresses are avoided 52.
The custom designed load applicator was positioned to ensure the articular face of the
implant was in loaded a direction parallel to the flat spot of the ulna. When the elbow is flexed at
90° (where maximum elbow strength occurs), the resulting load vector within the greater
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sigmoid notch has been shown to point somewhat posteriorly, in contrast to our loading vector
which is oriented simply in the distal direction 50. Loading the prosthesis with a posterior force
component, rather than a simple distal loading vector, would have increased the friction at the
implant-fracture surface interface, and would have applied a load forcing the implant into the
fracture surface; both of which would have likely reduced the magnitude o f micro-motion
observed in the experimental results. Although our model does not perfectly replicate the loading
experienced physiologically in the elbow joint, it represents a worst case scenario of implant
loading.
In general, directional trends were observed within each of the descriptors of motion
recorded in this biomechanical study. Translation of the prosthesis was consistently observed in
the distal direction, as would be expected given the device was loaded with the force applied
along the long axis o f the ulna, oriented distally. Implant gapping, was found to consistently
increase with increased load applied to the device, increasing the separation o f the implant from
the coronoid process, which is also to be expected as load was applied at the tip of the implant,
creating a cantilever bending effect. While rotation was also observed to increase throughout the
loading protocol, no trends indicating a direction of motion were observed, as medial and lateral
rotations were found to occur equally during biomechanical testing. The absence of a trend here
perhaps requires further investigation, as the constraint of the loading fork or the accuracy of the
manual alignment of the ulna with the loading device may have altered these results. Loading
with the corresponding distal humerus may perhaps correct for these effects; loading with the
opposite side of the native joint should be considered in future studies o f this nature when
feasible.
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The implementation of a coronoid prosthesis to stabilize the coronoid deficient elbow is a
novel idea, which to our knowledge, has not been previously reported. As such, no
biomechanical investigations exploring coronoid hemi-arthroplasty fixation methods exist in the
literature for comparison purposes. Previous studies which compare cemented versus
uncemented implant fixation methods in various joints have reported reduced micro-motion and
increased fixation strength with the use of cement j7,53,54. Our results generally agree with the
findings of these investigations, as cement fixation of the prosthetic device was shown to reduce
the micro-motion of the implant in comparison to the other fixation methods when distal
translation, axial rotation, and the resultant 3-dimensional motion were examined. These results
support our hypothesis that cement fixation was expected to minimize micro-motion. While
cement fixation reduced the gapping motion of the implant in comparison to press fit fixation,
the use of cement was not shown to reduce this motion in comparison to the screw fixation
methods. The motion observed in gapping, which described the anterior displacement of the
implant, was found to be quite minimal, as the maximum displacement of the implant did not
exceed 0.2 mm in cement or screw fixation. These small displacements reflect positively on both
screw and cement fixation, suggesting only a small degree of separation is experienced between
the articular surfaces of the implant and coronoid process, even at larger load magnitudes (400
N). The rotational and translational motion of the implant was found to be quite minimal in
general (less than 1° and 0.6 mm respectively), reflecting positively on the future clinical
application o f a coronoid prosthesis, as it appears as though the original position o f the implant
can be sufficiently maintained. Based on the results of this study, cement fixation of a coronoid
prosthesis should provide durable fixation, particularly in older patients where uncemented
fixation may be less successful due to poor bone quality.
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The results of this study suggest substantial micro-motion o f the implant can be expected
if the prosthesis is fixed using a press fit method, as more motion was observed in comparison to
cement in all types o f motion, in comparison to PA screws in distal translation, gapping, and 3
dimensional displacement, and in comparison to AP screws in gapping and 3-dimension
displacement. Furthermore, press fit fixation could not consistently survive the loading protocol,
further highlighting the inferior nature of this method of securing the prosthesis. Press fit fixation
performed reasonably well when the rotational motion of the implant was examined, as it was
not found to deviate significantly from either screw fixation method; however cement fixation
was observed to outperform press fit method in rotation. Collectively, this data suggests that
press fit fixation, using the smooth implant employed in this study, is not optimal for reducing
micro-motion, and would not provide sufficient stabilization required for osseous ingrowth42,45.
The use of implant specific reamers and a more tapered rough ingrowth stem similar to those
which are typically employed when uncemented prostheses are used clinically may have resulted
in improved initial implant stability. Whether the micro-motion would be sufficiently low to
allow ingrowth of bone for secure long-term fixation requires further study. Augmentation of the
initial press fit fixation, as is typically employed for fixation of acetabular and glenoid
components, seems prudent based on the findings of this study j3'36,5;>.
A comparison o f the initial stability achieved by the two methods of screw fixation is less
clear. Only when the distal translation of the implant was examined did a clear difference in
implant displacement emerge between the two methods of screw fixation. The PA orientation of
the screws was shown to produce significantly less micro-motion in comparison to AP fixation.
This result may be in part attributed to the material used to secure the screws. The PA fixation of
the implant was accomplished by securing the screws into metal, and AP fixation resulted from
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fixation o f the screws into bone. The lower strength of the bone in comparison to the metal likely
contributed to the superior performance of the PA fixation method. Furthermore the diameter of
the PA screws was slightly larger increasing their rigidity relative to the AP screws. While clear
trends demonstrating less motion with the PA screws were found in gapping, axial rotation, and
overall 3-dimensional displacement relative to the AP screws, this did not reach statistical
significance with the sample size of this study. The magnitudes o f the difference in micro-motion
between screws was relatively small (<0.3mm for distal translation), suggesting no real clinically
relevant difference exists when comparing the two techniques. The preference of the surgeon
may serve as a more appropriate guide in determining which fixation method should be
implemented. Furthermore, the relative costs of implant designs developed to incorporate the two
difference fixation methods should be evaluated, and may play a substantial role in determining
the final implant design. The additional stability imparted by the screw fixation suggests that
when combined with an uncemented ingrowth prosthesis, the initial stability should be sufficient
to permit osseous integration of the implant to ensure long term fixation.
Some limitations are associated with the current in-vitro biomechanical study. The first of
which was the use o f isolated denuded ulnae, rather than an intact joint. It is however likely that
our results over-estimated, rather than under-estimated, the magnitude o f micro-motion of the
implant, as the musculature and ligamentous structures of the elbow have been shown to
contribute stabilizing effects to the jo in t36.
An additional limitation of this study relates to the fixed order of the methods of implant
fixation. Ideally, the four fixation methods would have been performed on separate cadaveric
specimens, to rule out the effects of the previous fixation method. Fixation was however
performed repeatedly within the same specimen, due to the limited availability and cost of fresh
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cadaveric specimens. As such, the strength of the fixation methods performed later in the testing
protocol may have been under-estimated, as the bone may have been weakened throughout
testing. The testing protocol, where press fit fixation was tested first, followed by AP screws, PA
screws, and finally cement fixation, tested the fixation methods in order from weakest to
strongest (indicated by the results o f this study). Thus, while the results of this in-vitro evaluation
may have under-estimated the strength of the later fixation methods, the relative trends indicating
the superior and inferior methods of fixation would not have been disrupted. Additionally, the
strengths of these fixation methods may have been further under-estimated due to the use of
relatively mature ulnae, given the availability o f cadaveric specimens. This repeated measures
study design however may also be considered a strength o f this study, as it ensured the bone
density was consistent for each fixation method.
Additional weaknesses of this study include the design o f the prosthetic device, which
consisted o f a smooth press fit post, whereas special reamers and an undersized roughened post
should have been implemented instead. The differences in screw size in the comparison of AP
and PA screw fixation should also be considered a weakness, as the smaller screws used for AP
fixation were less rigid. The differing screw sizes were however necessary in this study, in order
to implement both types o f screw fixation in the same specimen. While the relative strengths of
the four fixation methods were quantified in this biomechanical study, the loading model used
may not represent clinical failure. Although a small sample size was used in this study, the clear
statistically significant trends indicate it was sufficient. A larger sample size may be useful
however, to further differentiate between the relative strength of the two screw fixation methods.
More cycles, in excess o f the 100 per loading step used in this study, may have been beneficial as
lower failure loads may have been observed. Future investigations into the effects of longer
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loading cycles may be warranted, to give an indication not only o f load limitations, but also
limits for the duration of loading that should be implemented in post surgical rehabilitation
programs.
As the coronoid prosthesis tested in this biomechanical study is the first device o f this
type, the novel nature of this investigation may be considered a strength of this study. Our results
were furthered strengthened as in addition to determining the overall 3-dimensional motion of
the implant, specific types of motion were described and quantified using a state of the art optical
tracking system. These strengths render the results of this study much more powerful than typical
studies o f this nature, which measure cross head displacement. As only the displacement of the
implant with respect to the stationary ulna was measured in our investigation, the deformation of
the bone and loading system which is measured in addition to the desired variable in cross head
displacement was avoided. The cyclic loading protocol used, rather than constant loading, can be
considered a strength of this study as well, as it is a more clinically relevant method of load
application, and thus more representative o f the loading conditions experienced in the human
body. Furthermore, the worst case scenario represented in this biomechanical study, including
the older cadaveric specimens used, and the worst case loading direction and magnitude, ensured
the strengths of the fixation methods were not under-estimated, to ensure the adequacy of the
fixation methods for clinical use.
In conclusion, this study quantified the micro-motion of a coronoid prosthesis in response
to an applied load when the implant was secured using four different fixation methods. Micro
motion was lowest when the implant was fixed using cement in comparison to the other fixation
techniques. Only small deviations from the original position of the implant were observed with
both types o f screw fixation (AP and PA screws), which suggests that screw fixation could be a
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reasonable option for achieving initial fixation of the device. The displacements observed
relative to the initial position of the implant were generally quite small during screw and cement
fixation (not in excess of 1 mm or 1°) which suggests any o f these fixation techniques may be
sufficient for clinical use. Large translational displacements were observed using the press fit
fixation technique employed in this study, suggesting modifications would have to be developed
and tested before this could be recommended for clinical application.
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Chapter 4 - The Effect of Coronoid Hemi-Arthroplasty on Elbow
Kinematics and Stability
O v e r v ie w
This chapter examines the kinematic effects o f implanting an anatomical coronoid
prosthesis (as developed in Chapter 2) into a coronoid deficient elbow. Utilizing
an upper limb joint motion simulator, the effectiveness o f this hemi-arthroplasty
on restoring the stability o f the coronoid deficient elbow was evaluated.

4.1 Introduction
The coronoid process of the ulna has been recognized as a critical component in
maintaining stability o f the elbow joint 1_14. While larger coronoid fractures are typically
associated with worse outcomes, even small fractures have been shown to alter joint stability 3' 15'
17. Coronoid fractures rarely occur in isolation, typically occurring in conjunction with elbow
dislocations, injuries to the collateral ligaments, and radial head fractures ’ ’ ' .
Depending on the coronoid fracture size and associated injuries, fractures may be treated
non-surgically or through open reduction and internal fixation 2’ 7' 8' 10, 13, 15, l7' 20‘23. Larger
comminuted fractures with associated instability that cannot be managed by internal fixation
pose a difficult situation for surgical repair. The results of coronoid reconstruction with allografts
and autografts have been poor, emphasizing the need for a reliable prosthetic device to
adequately manage coronoid deficiencies 24 2:>.

The biomechanical study presented in this chapter will be formatted for and submitted to the Journal of Bone and Joint
Surgery (Am). First Author Alia Gray BEng.
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The purpose o f this study was to evaluate the effect of coronoid hemi-arthroplasty on the
kinematics and stability o f the coronoid deficient elbow after concomitant ligament repair. We
hypothesized that an anatomical coronoid prosthesis would restore stability to a coronoid
deficient elbow. Implications from this study will contribute to the evaluation of coronoid
implant feasibility and to the development of prosthetic designs for clinical application.

4.2 M ethods
4.2.1

Sp e c i m e n P r e p a r a t i o n
Eight unpreserved male cadaveric upper extremities (mean age 77.4 years, [range, 69-92

years]) were amputated at mid humerus and prepared for mounting on an elbow testing apparatus
(Figure 4.1a) 26; 27. Specimens were stored at -20°C and were thawed for 18 hours at room
temperature (22°C ± 2°C) prior to use. Each arm was imaged with computed tomography to
examine for osseous abnormalities prior to testing (Light Speed VCT, GE Medical Systems,
New Berlin, Wisconsin; Reconstruction Matrix 512x512; Voltage 120V; Current 90 mAs)
The humerus was secured in the neutral position into a custom clamp on the base of the
testing apparatus, which held the arm rigidly in place while allowing elbow motion. A universal
hinge on the base plate of the testing apparatus allowed placement of the arm in the horizontal,
valgus, varus, and vertical positions (Figure 4.1). Specimens were tested in both passive and
simulated active motion, and kinematic data was recorded in supinated and pronated forearm
positions.
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Figure 4.1: In-Vitro Elbow Testing Apparatus
This custom elbow testing apparatus was used to simulate both passive and active
forearm motions. The important features o f the device are indicated above. The humerus
was secured in a custom clamp on the base o f the testing apparatus which held the arm
rigidly in place while allowing unconstrained elbow motion. Stainless steel cables linked
the servo motors and pneumatic actuators to sutures secured to the tendons o f the
forearm, used to induce active motion and perform ligament repairs. An electromagnetic
tracker was secured to the ulna to track its motion relative to the stationary humerus
throughout the range o f flexion o f the upper extremity. Flexion angle, varus-valgus angle
(VV). and internal-external rotation (IE) were then calculated fo r each arm position and
each test condition to describe elbow kinematics. As illustrated above, a universal hinge
on the base plate o f the testing apparatus allowed placement o f the arm in four positions:
(a) dependant, (b) horizontal, (c) valgus and (d) varus orientations.
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The tendons o f the major forearm and elbow flexors and extensors were sutured using a
locking Krackow stitch, and were attached by stainless steel cables to computer-controlled
pneumatic actuators and servomotors to simulate active motion. Servomotors controlled the
biceps brachii, brachialis, and triceps, while the pneumatic actuators provided force for the
brachioradialis, pronator teres, supinator, and wrist flexors and extensors. Sutures attached to the
biceps, brachialis, and triceps were passed through alignment guides mounted to the base o f the
testing device to simulate their physiologic lines o f action. Additional alignment guides were
placed at the medial epicondyle for the pronator teres and the wrist flexors, at the lateral
epicondyle for the wrist extensors, and at the supracondylar ridge for the brachioradialis to
replicate native muscle moment arms.

4.2.2 Testing Protocol
The testing protocol involved both active and passive flexion o f the elbow in four
positions (Refer to Figure 4.1) in both pronation and supination. The effects o f three coronoid
states were compared in this biomechanical study; coronoid intact, a simulated 40% Type II
transverse fracture, and repair using an anatomical coronoid prosthesis. Each specimen was first
tested in its intact state, with unaltered osseous and ligamentous tissues. The collateral ligaments
were then sectioned to provide surgical access to the elbow joint. The MCL and LCL were
repaired, and the specimen was tested again. This ligament repaired state o f the elbow, with the
coronoid intact, served as the control for this study. The full testing protocol was performed
again after a Type II coronoid fracture was simulated, and once more following hemi
arthroplasty. Figure 4.2 outlines the testing protocol followed for each cadaveric specimen.
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Test: Intact Elbow
The osseous and ligamentously intact elbow was actively and passively flexed in four
positions, in both pronation and supination.

X
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I

T
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1
Varus

T

E
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Figure 4.2: Implant Design and Development Process
A flow chart illustrating the testing protocol is shown above. The intact elbow, ligament
sectioning and repair, fractured coronoid, and coronoid implant were flexed passively
and actively, in both pronation (pro) and supination (sup), in fo u r positions; vertical,
horizontal, valgus, and varus. The combination o f position, active and passive motion,
and forearm pronation and supinated resulted in 16 different conditions fo r each
coronoid state.
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An electromagnetic tracking system (Flock o f Birds, Ascension Technologies,
Burlington, VT) was used to record the kinematic data, specifically the position of the ulna
relative to the humerus in six degrees o f freedom throughout testing. The transmitter was
mounted onto the base of the testing apparatus, while a receiver was attached to the ulna to
record its position in space, as seen in Figure 4.1. A second receiver was secured to a stylus and
was used to digitize humeral and ulnar anatomical landmarks. Landmarks on the osseous
structures of the elbow were digitized and were used to generate anatomical coordinate systems
for the ulna and humerus so that the relative motion of the ulna with respect to the humerus could
be analyzed "6‘28.
Computer-controlled pneumatic actuators and servomotors were employed to simulate
active motion. The forces applied to each muscle were dependent on arm orientation (horizontal,
valgus, varus or vertical), forearm supination or pronation, and flexion angle. Tone loading of
ION was applied to the wrist flexors and extensors to stabilize the wrist during active motion.
Refer to Appendix E for the detailed active muscle loading protocol. This muscle loading
protocol was based on electromyographic and muscle cross-sectional area data previously
' H i ',

validated for use in the in-vitro testing device

A

’ ’ . Passive motion was performed in each of

the four orientations by a single investigator by slowly moving the arm through its range of
motion, while maintaining a gentle hold on the wrist. The arm was manually positioned in either
full supination or full pronation throughout the flexion arc.
Following testing of the intact arm, the collateral ligaments were sectioned in order to
allow surgical access to the osseous structures of the elbow joint. This was accomplished first by
carefully separating the flexor-pronator mass from the medial collateral ligament and the
extensor muscle mass from the lateral collateral ligament. Both ligaments were then detached
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from the humeral epicondylar origins. A 2-mm drill bit was used to create two diverging
transosseous tunnels in each epicondyle. On the medial side, the first tunnel originated on the
anterior-inferior aspect of the medial epicondyle at the center of the axis o f motion of the elbow,
and exited the posterior aspect of the supracondylar ridge. A second tunnel entered the medial
epicondyle at the same point, but exited at the anterior aspect of the medial supracondylar ridge
31. Similar tunnels were made on the lateral epicondyle, originating at the axis of motion of the
elbow at the center of the capitellum, and diverging to their exit points on the opposite side of the
lateral supercondylar ridge 32. Suture (No. 2 Hi-Fi ultra-high-molecular-weight poly-ethylene,
ConMed Linvatec, Largo, FL) was used to grasp the MCL using a locking Krackow technique.
The remaining ends of the suture were passed through the diverging bone tunnels in the medial
epicondyle, tied in a loop, and attached to a pneumatic actuator. This process was replicated for
the lateral collateral ligament of the elbow 33. In Figures 4.3 and 4.4 the center of the axis of
elbow motion at the anterior-inferior aspect of the medial epicondyle, and repair of the medial
ligament are illustrated.
Ligamentous repair was simulated by positioning the arm at a flexion angle of 90° with
the forearm in neutral rotation while tensioning the ligaments to 20N using the actuators 32,34.
After the ligaments were tightened and the joint was fully reduced, the tensioned cable was
secured to a clamp fixed to the base of the simulator.
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Figure 4.3: Axis of Motion
The center o f rotation o f the elbow, indicated above, was marked on the medial
epicondyle in preparation fo r medial collateral ligament repair.

Figure 4.4: Medial Collateral Ligament Repair
After the center o f rotation o f the elbow was drilled, a suture attached to the MCL was
passed through the bone tunnels (indicated above) in the medial epicondyle and fastened
to pneumatic actuators to simulate ligament repair. A similar process was performed to
repair the lateral collateral ligament.

159

Type II coronoid fractures were created by an osteotomy parallel to the flat spot o f the
ulna using an oscillating sagittal saw 2> 35. Digital calipers (Digimatic model CD-6; Mitutoyo
Corp, Japan) were used to measure the height o f the coronoid from the non-articular surface at
the base of the greater sigmoid notch to the tip of the structure. Forty% of the total height was
calculated and an osteotomy was performed parallel to the flat spot o f the posterior ulna. Figures
4.5 and 4.6 illustrate the coronoid before and after simulation o f the Type II fracture respectively.
Fixation o f the coronoid prosthesis was achieved by cementing the implant post into the
central region o f the fracture surface (Figure 4.7). A hole was drilled into the cancellous bone
such that the opening was slightly larger than the post (D = 6.35) o f the implant. After filling the
cavity with surgical bone cement (Simplex™ P, Stryker, Hamilton, ON, Canada), the post was
inserted into the cement with the implant attached. The guiding ridge and medial and lateral
facets o f the prosthesis were aligned with the articular surface o f the coronoid process, and the
implant was held in place until the cement had cured. The elbow was then reduced and the
ligaments were repaired in preparation for testing. Figures 4.8 - 4.10 illustrate the prosthetic
device following the completion o f the coronoid hemi-arthroplasty.
Flexion angle, Varus-Valgus angle (VV), and Internal-External rotation (IE) were
calculated for each arm position and each test condition (Figure 4.11) to describe the effect of
coronoid fracture and hemi-arthroplasty on ulno-humeral kinematics. Statistical analysis was
performed using a 2-way (flexion angle and coronoid state) repeated-measured analysis of
variance, with significance defined at p<0.05.
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Figure 4.5: Intact Coronoid Process
The intact coronoid process (indicated above) o f a cadaveric specimen is illustrated
above. Sectioning o f the collateral ligaments provided adequate access to resect and
replace the coronoid.

Figure 4.6: Type II Coronoid Fracture Simulation
The interior o f a cadaveric elbow with a simulated Type II 40% transverse fracture is
indicated above. The fracture surface was oriented parallel to the flat spot o f the
posterior proximal ulna.

161

Figure 4.7: Post Cementation
The implant post which was securely attached to the coronoid prosthesis was cemented
into the proximal ulna. The image above illustrates the post cemented in place after
removal o f the prosthetic device. The indentation, visible on the medial surface o f the
post, receives a set screw which secures the implant in place and prevents rotational
motion.

Figure 4.8: Coronoid Hemi-Arthroplasty: Front View
A frontal view o f the proximal ulna is illustrated above following the completion o f
coronoid hemi-arthroplasty. The medial and lateral facets o f the articular surface o f the
coronoid below the fracture surface closely match the facets o f the prosthetic device.
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Figure 4.9: Coronoid Hemi-Arthroplasty: Medial View
A medial view o f the proximal ulna is illustrated above following the completion o f
coronoid hemi-arthroplasty. The implant acts as a smooth continuation o f the articular
surface, completing the arc o f the greater sigmoid notch.

Figure 4.10: Elbow Reduction with Coronoid Prosthesis
The coronoid prosthesis articulating with the trochlear groove o f the distal humerus as
the elbow is shown reduced.
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Figure 4.11: Internal-External Rotation and Varus-Valgus Angulation
To investigate the kinematic effects o f coronoid fracture and hemi-arthroplasty on ulnohumeral kinematics, the relative motion o f the ulna with respect to the stationary
humerus was recorded using an electromagnetic tracking system. Two variables were
measured throughout the range o f flexion o f the forearm: internal-external rotation,
illustrated in the sub-figure (a) above, describes the rotation o f the ulna with respect to
the ulna, while varus-valgus angulation (b) describes the angle between the long axis o f
the humerus and long axis o f the ulna.
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4.3 R esults
Although 8 specimens were tested, the sample size for some conditions was reduced.
Active motion in the varus and valgus positions had a sample size of 7, as data was not collected
for one specimen.

Additionally, elbow dislocations occurred twice, which prevented active

motion of the arm in the setting of the Type II coronoid fracture. As a result o f missing data, the
specimens that experienced elbow dislocations could not be analyzed using a repeated measures
statistical design. Reported results for motion in the vertical position in pronated active flexion
were reduced to 7 and results for motion in pronated active flexion in the varus position were
further reduced to 6 as result of elbow dislocations.

4.3.1 M odel R eliability
The kinematics of the native elbow were compared to those with sectioned and repaired
collateral ligaments to verify the reliability o f our model in restoring the ligamentous integrity of
the elbow. Table 4.1 provides the statistical data, mean differences, and standard deviations
relating to the differences between the native elbows and ligament repaired elbows in both
rotational and varus-valgus kinematics.
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Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
Vl-pp
VI-sa
Vl-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-pp
Vt-sa
Vt-sp

Internal-External Forearm
Rotation
Native Elbow vs. Ligament
Repair
Sig.
Mean
Standard
Difference Deviation
(degrees)
(degrees)
0.14
0.44
0.76
0.31
0.56
1.43
0.02*
0.38
0.36
2.22
0.01*
1.83
1.41
0.05
1.30
1.97
0.87
<0.01*
0.15
1.63
2.62
2.29
1.10
<0.01*
0.51
0.38
1.31
0.40
0.83
2.59
0.66
1.58
0.31
0.89
0.15
2.89
0.29
0.29
0.68
0.12
1.98
0.87
0.91
0.42
0.27
0.34
4.27
1.55

Varus-Valgus
Angulation
Native Elbow vs. Ligament
Repair
Mean
Standard
Sig.
Difference Deviation
(degrees)
(degrees)
0.34
0.20
0.56
<0.01*
1.26
0.91
0.05
0.18
0.22
1.34
0.03*
1.37
0.02*
1.12
0.94
4.19
1.90
<0.01*
2.25
0.10
3.11
2.99
2.07
<0.01*
0.90
1.46
0.18
0.09
3.10
0.93
0.23
0.86
0.51
0.47
3.30
0.70
0.22
0.10
0.25
0.54
0.16
0.69
0.34
0.54
0.12
2.16
0.75
0.36

Table 4.1: Comparison of the Native Elbow with the Ligament Repaired Elbow: InternalExternal and Varus-Valgus Elbow Kinematics
The statistical analysis resulting from the comparisons o f the kinematics o f the native
elbow with the ligament repair are presented above in each position (ie. Horizontal,
Valgus, Varus, Vertical) in both active and passive motion in pronated and supinated
elbow flexion. Above, the first two letters o f the condition indicate arm position
(Hz=horizontal, Vl=valgus, Vr=varus, Vt=vertical), the third letter indicates pronation
or supinated (p=pronation, s-supination) and the fourth letter indicates active or passive
elbow motion (a=active, p=passive). A significant difference in the rotation o f the elbow
was detected in four conditions (Hz-sa,Hz-sp,Vl-pp, and Vl-sp). Statistically significant
differences in the varus-valgus angulation o f the arm were found in five cases (Hz-pa,
Hz-sp, Vl-pa, Vl-pp, Vl-sp).
* Indicates a statistically significant difference, defined asp<0.05
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There was no significant difference in kinematics between the native and ligament
repaired elbows in the varus and vertical positions for both internal-external rotation and varusvalgus angulation (p>0.12). Statistical differences were observed in internal-external rotation and
varus-valgus angulation between the native arms and ligament repaired elbows in the horizontal
and valgus positions (p<0.05). The absolute differences were small; (IE in the horizontal
position: <2.2°, VV in the horizontal position: <1.3°, IE in the valgus position: <2.3°, VV in the
valgus position: <4.2°, therefore, the ligament repaired elbows were considered as controls to
statistically compare the effects o f the three coronoid states (intact, fractured, and prosthetic
replacement) on elbow kinematics. In subsequent sections, the ligament repaired specimens with
an intact coronoid will be referred to as the coronoid control.

4.3.2 E lbow K inematics
As reported by Beingessner et al, kinematic differences in the setting of Type II coronoid
fractures were less apparent with the forearm in supination than in pronation, therefore,
kinematic graphs and statistical analyses are presented for pronated flexion only 10. Figures 4.12
4.15 display kinematic results, for both internal-external rotation and varus-valgus angulation,
for pronated elbow motion, in both active and passive flexion. All kinematic results, including
both pronated and supinated motion, are given in Appendix F.
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F l e x i o n in t h e V e r t i c a l P o s i t i o n

When the elbow was passively flexed with the forearm in pronation, there was no
significant difference in rotational or varus-valgus kinematics between the coronoid control, the
coronoid fracture or the coronoid implant (p=1.0) (Figure 4.12a and 4.12b). With active motion,
a trend for an increase in internal rotation and varus angulation was seen with the coronoid
fracture in active flexion (p=0.06 and p= 0.07 respectively) (Figure 4.12c and 4.12d). The
rotational and varus-valgus kinematics of the coronoid control and the coronoid implant were
similar in active motion (p=0.8 and p=1.0, respectively).

168

Passive Flexion

Coronoid
Control

Active Flexion

Coronoid
Fracture

Coronoid
Implant

Figure 4.12: Elbow Kinematics in the Pronated Vertical Position
The effects o f coronoid fracture and hemi-arthroplasty on the mean (+ 1SD) o f the
rotational and varus-valgus kinematics o f the ulna relative to the humerus are shown.
Passive motion is displayed in sub-figures (a) and (b), representing rotational and varusvalgus kinematics respectively. Figures (c) and (d) represent the rotational and varusvalgus kinematics o f the forearm respectively during active motion. There was no effect
o f coronoid state during passive motion (p=1.0). With active motion, a trend fo r an
increase in internal (p=0.06) and varus (p=0.07) rotation was seen with the coronoid
fracture in active flexion. The rotational and varus-valgus kinematics o f the coronoid
control and the coronoid implant were similar in active motion (p=0.8 and p=1.0
respectively).
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Figure 4.13: Elbow Kinematics in the Pronated Horizontal Position
The effects o f coronoid fracture and coronoid implant on the mean (+ 1SD) o f the
rotational and varus-valgus kinematics o f the ulna relative to the humerus are shown.
Passive motion is displayed in sub-figures (a) and (b), representing rotational and varusvalgus kinematics respectively. Figures (c) and (d) represent the rotational and varusvalgus kinematics o f the elbow respectively during active motion. During passive flexion,
there was a significant difference in rotational kinematics between the coronoid control
and coronoid fracture (p=0.01). There was no difference in varus-valgus kinematics
(p=0.8).The rotational and varus-valgus kinematics o f the coronoid control and the
coronoid implant were similar in passive motion (p=1.0 and p=0.6 respectively). With
active motion, a significant increase in internal rotation and varus angulation was
observed following coronoid fracture in comparison to the coronoid control (p=0.005
and p= 0.04 respectively). The rotational and varus-valgus kinematics o f the coronoid
control and the coronoid implant were similar in active motion (p=1.0).
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F l e x i o n in t h e V a l g u s P o s i t i o n

When the forearm was passively flexed in pronation, there was a significant difference in
rotational kinematics between the coronoid control and coronoid fracture (p=0.03); the fracture
increased the internal rotation o f the forearm (Figure 4.14a). There was no difference in varusvalgus kinematics (p=1.0) (Figure 4.14b). The rotational and varus-valgus kinematics of the
coronoid control and the coronoid implant were similar in passive motion (p=1.0 and p=0.6
respectively).
With active motion, no significant difference in rotational or varus-valgus kinematics was
detected between the coronoid control and coronoid fracture (p=0.1 and p=0.8, respectively)
(Figure 4.14c and 4.14d). The rotational and varus-valgus kinematics o f the coronoid control and
the coronoid implant were similar in active motion (p=0.4 and p=1.0 respectively).
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Figure 4.14: Elbow Kinematics in the Pronated Valgus Position
The effects o f coronoid fracture and he mi-arthroplasty on the mean (+ 1SD) o f the
rotational and varus-valgus kinematics o f the ulna relative to the humerus are shown.
Passive motion is displayed in sub-figures (a) and (b), representing rotational and varusvalgus kinematics respectively. Figures (c) and (d) represent the rotational and varusvalgus kinematics o f the forearm respectively during active motion. When the forearm
was passively flexed in pronation, there was a significant difference in rotational
kinematics between the coronoid control and coronoid fracture (p=0.03). There was no
difference in varus-valgus kinematics (p=1.0).
The rotational and varus-valgus
kinematics o f the coronoid control and the coronoid implant were similar in passive
motion (p=1.0 and p=0.6 respectively). With active motion, there was no significant
difference in rotational or varus-valgus kinematics between the coronoid control and
coronoid fracture (p=0.1 and p=0.8 respectively). The rotational and varus-valgus
kinematics o f the coronoid control and the coronoid implant were similar in active
motion (p=0.4 and p=1.0 respectively.
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F l e x i o n in t h e V a r u s P o s i t i o n

When the elbow was passively flexed in pronation, an increase in internal rotation
(p<0.001) and varus angulation (p=0.006) were observed when the coronoid fracture was
compared to the coronoid control (Figure 4.15a and 4.15b). The rotational and varus-valgus
kinematics o f the coronoid control and the coronoid implant were similar in passive motion
(p=0.8 and p=1.0, respectively).
During active flexion, the coronoid fracture increased the internal rotation o f the forearm
relative to the coronoid control (p=0.04) (Figure 4.15c). This difference did not reach
significance when varus-valgus kinematics were compared (p=0.1) (Figure 4.15d).
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Figure 4.15: Elbow Kinematics in the Pronated Varus Position
The effects o f coronoid fracture and hemi-arthroplasty on the mean (+ 1SD) rotational
and varus-valgus kinematics o f the ulna relative to the humerus are shown. Passive
motion is displayed in sub-figures (a) and (b), representing rotational and varus-valgus
kinematics respectively. Figures (c) and (d) represent the rotational and varus-valgus
kinematics o f the elbow respectively during active motion. When the elbow was passively
flexed with the forearm in pronation, there was a significant difference in rotational
kinematics (p<0.001) and varus angulation (p=0.006) between the coronoid control and
coronoid fracture. The rotational and varus-valgus kinematics o f the coronoid control
and the coronoid implant were similar in passive motion (p=0.8 andp=1.0 respectively).
During active flexion, there was a significant difference in rotational kinematics between
the coronoid control and coronoid fracture (p=0.04). There was no difference in varusvalgus kinematics (p=0.1). The rotational and varus-valgus kinematics o f the coronoid
control and the coronoid implant were similar in passive motion (p=0.07 and p = l
respectively).
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4.4 Discussion
The results from the comparison between the intact and ligament repaired specimens
(coronoid control) revealed small differences in internal-external rotation and varus-valgus
angulation in both the horizontal and valgus positions. While the magnitude of these differences
was relatively small, there was a statistically significant increase in internal rotation and valgus
angulation. The increased valgus angulation following ligament repair may have been a
consequence o f under-tightening o f the MCL, or over tightening of the LCL, both of which could
conceivably increase the valgus angulation of the forearm. Similarly, over-tensioning or under
tensioning o f the MCL and LCL respectively may account for the increase in internal rotation
observed following ligament sectioning and repair. Repair tensions o f 20N were chosen based on
the results o f studies conducted by Fraser et al and Pichora et al, where repair tensions of the
LCL and MCL were investigated respectively 32; 34. While these studies suggest that repair
tensions of 20 N can adequately restore elbow kinematics when the LCL or MCL is injured
independently, no investigation reports on the appropriate repair tension in the setting of a
combined MCL and LCL injury. As the ligament repair tension used in this study sufficiently
restored stability to the elbow without masking the effect of coronoid fracture, medial and lateral
ligament repair tensions of 20 N are likely appropriate for examining the effects of osseous
injuries at the elbow joint, when both collateral ligaments have been sectioned. Future studies
into the kinematic effects of ligament repair tensioning in the setting of both medial and lateral
collateral ligaments should be conducted to determine the optimal combined repair tensions for
restoring the native stability o f the elbow joint.
While the coronoid process has been shown to be an important primary stabilizer of the
elbow joint, relatively few biomechanical studies have examined the effect of this structure on
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elbow stability 4’ l0, l4' 16. In a cadaveric study conducted by Hull et at, the role of the coronoid
process in varus instability o f the elbow was investigated in the ligamentously intact elbow 6. As
varus loads were applied to the joint at various flexion angles, it was found that removal of
greater than 50% of the coronoid process resulted in a decrease in resistance to varus
displacement. Similarly, Closkey et al emphasized the importance o f the coronoid, finding an
increase in posterior axial displacement when more than 50% of the structure has been removed
4. Although these biomechanical studies highlight the importance o f the coronoid process, the
kinematic effects were not investigated.
Beingessner et al performed a study investigating the kinematic effects of serial
resections o f the coronoid process. An increase in maximum varus-valgus laxity was observed in
the presence o f both Type II and Type III coronoid fractures, where 50% and 90% coronoid
fractures were simulated, respectively 10. While this study did investigate elbow kinematics, it
did not report in the rotational stability of the joint, and did not examine the stability o f the joint
in the horizontal position, nor did it take into the account the effects of active varus and valgus
motion or passive motion in the dependant position. Furthermore, Beingessner et al performed a
radial head arthroplasty prior to investigating the effects o f coronoid fractures, differing from the
methods of our study.
A recent study investigating the effect of coronoid fractures on elbow kinematics was
conducted by Pollock et al, where the influence of Type II (50%) coronoid fractures was reported
2. Limited effects of Type II coronoid fractures were found in the setting o f collateral ligament
repair. Pollock et al removed 50% o f the coronoid process, rather than the 40% which was
removed in the current study, and similar to Beingessner et al, did not examine the effects of
joint stability in varus and valgus active motion, passive motion in the dependant position, or in
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the horizontal position. The ligament repairs were simulated using epicondylar osteotomies,
which are not typically employed clinically.
The results o f the current study indicate that Type II coronoid fractures alter both the
rotational and varus-valgus kinematics of the elbow joint. The effects o f the 40% fracture were
most pronounced with the arm in the varus position, where both internal-external rotation and
varus-valgus angulation were altered with the forearm in both the supination and pronation. The
combination o f the loss of a portion of the coronoid, which acts as a medial stabilizer, and the
excess pressure placed on the medial structures of the elbow in the varus position in comparison
to other simulator positions, may in part explain these observations. The effects of the Type II
fractures in the horizontal and valgus position, as well as the trend towards changes from the
coronoid control in the vertical position, indicate that this type of osseous injury may have more
significant detrimental effects on stability than previously reported ' .
A general trend towards increased varus angulation and increased internal rotation was
observed where the Type II coronoid fracture altered elbow kinematics. Given the anatomy of
the elbow joint, and the important role o f the coronoid as a varus posteromedial rotatory
stabilizer, it is not surprising that an increase in varus angulation and internal ulnar rotation was
found as part of this structure was removed 6. The instability associated with Type II fractures in
this study was observed more often in pronation than in supination, suggesting forearm
supination may help restore stability in the setting of a coronoid injury. This observation agrees
with the findings o f Beingessner et al, where the effects of Type II coronoid fractures were found
to be less apparent in forearm supination when compared to forearm pronation. These results
were, however, observed in the setting of a medial collateral ligament injury 10.
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Although Beingessner et al did not examine the internal-external rotational stability, the
effects of Type II coronoid fractures on the varus-valgus angulation o f the arm were similar to
our observations, where Type II fractures were found to increase the varus-valgus laxity of the
ligamentously intact elbow in both studies l0. It should however be noted that the data collected
by Beingessner et al was in the presence of a radial head arthroplasty with a 50% coronoid
fracture rather than a 40% fracture, as such the results are not directly applicable. The kinematic
deviations observed following Type II coronoid fractures in the current study are in contrast to
the results found by Pollock et al, who did not find a significant effect of a 50% coronoid
fracture in any position in the setting o f collateral ligament repair. Additionally, in the current
study elbow instability was observed in the coronoid deficient scenario with the arm oriented in
the horizontal position. This result cannot be compared to the work of Beingessner et al or
Pollock et al, as horizontal kinematics were not explored, highlighting the importance of
investigating all possible arm positions.
The lack o f kinematic differences observed by Pollock et al in the setting o f a type II
coronoid fracture could be, in part, attributed to differences in ligament repair techniques.
Pollock et al used ligament repair tensions of 40N, whereas the current study tensioned the
collateral ligaments to only 20N 2. As reported by Fraser et al, a repair tension o f 20N or less
should be employed for the lateral collateral ligament32. The optimal tension for the medial
collateral ligament, reported by Pichora et al, is however less clear, although satisfactory
kinematic results were observed with repairs tensioned to both 20N and 40N j4. It is possible that
the larger forces used to tension the collateral ligaments over tightened the structures in the
elbow, reducing the natural varus-valgus laxity of the joint. The kinematic changes due to
coronoid fracture, therefore, may have been less obvious, as this over tensioning may have
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corrected for the increase in varus angulation and internal rotation that would have otherwise
been seen. Caution should be used in future kinematic studies to avoid over-tensioning of the
collateral ligaments of the elbow joint.
The destabilizing effects of the coronoid fracture were found to be more apparent during
active motion than in passive motion with the arm in the vertical and horizontal orientations.
Activation o f the muscles around the elbow joint during simulated active motion would likely
increase loading at the articulation, resulting in increased internal rotation and varus angulation
of the arm due to the loss of the buttress effect of the medial coronoid process. This instability
was not observed in passive motion, which may be explained as the arms were moved lightly
through the arc of flexion with minimal joint loading, minimizing the effect of the absence of the
medial buttress.
The destabilizing effects of coronoid fractures observed in this study in the vertical
position during active motion agree with the findings of Beingessner et al 10. Although
Beingessner et al did not investigate the effects of passive vertical motion, our results indicate
passive motion stabilizes the arm in the vertical position in comparison to active flexion. Thus,
our results would suggest that passive motion in the vertical position may be optimal during
rehabilitation, while active motion should be avoided.
In the horizontal position, where the effects o f coronoid fracture on elbow kinematics
have not been previously reported, active motion in pronation was shown to increase the internal
and varus rotation o f the forearm following fracture. These results have relevant implications for
post-surgical rehabilitation, indicating that active forearm motion should be avoided when the
arm is oriented both vertically and horizontally.
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In the valgus position, the differences between active and passive motion were limited.
Although the coronoid fracture was found to increase the internal rotation of the ulna with
respect to the coronoid control in pronated passive flexion, the difference in rotation was quite
small (2.2 ± 1.7°), and perhaps not clinically significant. No other condition displayed a
significant effect of coronoid state in active or passive motion in the valgus position. These
results indicate that the ligament intact elbow can be considered relatively stable in the valgus
position, irrespective of coronoid injury, forearm pronation or supination, or type of motion.
The effects of fracture induced instability in the varus position did not appear to differ
between active and passive motion, as large deviations in internal rotation and varus angulation
were observed in both types of motion. The severe instability observed in this study during active
motion in the varus position should be noted, as active motion in this position has not previously
been reported. These results further highlight the severity o f the effects o f coronoid fracture in
the varus position, as no condition could adequately stabilize the forearm in this vulnerable
position. Given the severe instability associated with fractures to the coronoid process in this
position, varus motion should be avoided during post-surgical rehabilitation.
While the aforementioned studies have provided useful information demonstrating the
effects of coronoid fractures on elbow kinematics and stability, to our knowledge, there are no
reports on the effects of coronoid hemi-arthroplasty. Therefore, while we are able to compare the
kinematic effects of our simulated type II coronoid fracture to previous results, the effect of
coronoid hemi-arthroplasty cannot be compared, given the novel nature of this study. Overall,
effects of the prosthetic device on ulno-humeral joint kinematics were positive, as no significant
differences were detected with the arm or forearm in any orientation with either passive or active
motions between the coronoid control and hemi-arthroplasty. In all the test conditions where
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altered kinematics and reduced stability were quantified following the coronoid fracture, the
coronoid prosthesis corrected the differences induced by the coronoid deficiency, such that no
significant difference could be detected between the hemi-arthroplasty and the intact coronoid
control. The difference in angulation between the coronoid fracture and the coronoid control was
consistently reduced by the prosthesis in every test condition, in both internal-external rotation
and varus-valgus angulation. These results reflect positively on the design of the prosthetic
device and anthropometric study conducted in Chapter 2, suggesting the design adequately
replicated the morphology o f the coronoid process for kinematic purposes. To investigate
whether the restorative effects following hemi-arthroplasty were a result of an anatomically
fitting prosthesis, rather than the possibility that elbow kinematics are somewhat insensitive to
the shape o f the prosthesis, measurements were taken from the specimens obtained for kinematic
testing to compare with the morphology of the implant. Two of the primary dimensions
responsible for defining the shape of the coronoid (height and radius o f curvature) were
measured from the CT scans of seven o f the eight cadaveric specimens'. These measurements
are depicted in Table 4.2.

A CT scan of the eighth cadaveric specimen was not obtained prior to kinematic testing. As the coronoid was
removed during testing to simulate a coronoid fracture, the post-op CT scan could not be used to measure the
coronoid process of this specimen. As such, coronoid measurements for only seven of the eight specimens used for
kinematic testing are presented in table 4.2.
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Specimen

1459
10-01023
10-01021
10-01020
10-01005
09-12057
09-12047
Mean ± SD
Implant
Dimension*

Coronoid Radius
of Curvature
(mm)
12.5
9.7
10.7
9.5
9.9
10.2
12.5
10.7 ± 1.3

Coronoid Height

10.8

18.4

(mm)
19.8
18.0
17.7
15.5
19.2
18.8
18.6
18.2± 1.4

Table 4.2: Coronoid Radius of Curvature and Height Measurements for Specimens
Obtained for Kinematic Testing: Comparing Coronoid Morphology to Implant
Shape
Measurements fo r coronoid radius o f curvature and height fo r seven o f the cadaveric
specimens used fo r kinematic testing are presented above.
* Implant dimension prior to cartilage addition
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The radius o f curvature of the coronoid process o f the seven test specimens was found to
have a substantial range of 9.5 - 12.5 mm. The implant radius of curvature dimension (10.8mm)
was located centrally within this range, indicating some specimens would have had larger, and
some would have had smaller radii o f curvature in comparison to the articular face of the
implant. Test specimen coronoid height was found to range from 15.5 - 19.8 mm. This range
was found to be similar to that reported by Cage et al (15.3 - 22.1 mm) in a morphological study
of 20 cadaveric ulnae (male and female) 36. It should be noted however that Cage et al measured
fresh cadaveric ulnae, where cartilage thickness would have accounted for some coronoid height.
Therefore, the coronoid measurements cannot be directly compared, however, the similarity in
the range o f values indicate that that the coronoid heights of the specimens obtained for testing
are likely representative of the variability in at least the male population.
While the mean radius and height dimensions of the test specimens were quite similar to
the dimensions of the anatomical prosthesis (refer to Table 4.2), the dimensions were found to be
centrally located within the range o f dimensions determined for the cadaveric specimens.
Overall, the prosthesis was similar in dimensions, but may have been slightly over or undersized
when compared to the native coronoid process in some specimens, perhaps indicating that elbow
kinematics and stability are somewhat insensitive to small changes in the morphology of a
coronoid prosthetic device.
It was hypothesized that the morphology of the implant recreated a congruous articulation
between the humerus and ulna, an important stabilizing feature which was lost following fracture
simulation. Further studies are needed to evaluate the contact area and pressures of this implant
on the articular surface o f the trochlea to determine the potential risk of secondary cartilage
degeneration and arthritis. As the implant replaced the missing structure of the coronoid process,
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it compensated for the lost medial and anterior buttress, preventing posterior dislocation and
restoring elbow stability.
The kinematic differences between the coronoid control and coronoid fracture trended
towards a significant difference during pronated active flexion of the elbow (observed in the
vertical and varus positions of the arm for varus-valgus angulation, and in the vertical position
for internal-external rotation). The power of the statistical analysis in these conditions was
reduced as the number of specimens included was decreased, due to the incidence of complete
elbow dislocation in one specimen. It is important to consider that the kinematic effects of
fracture of the coronoid process were altered in these positions to the point that flexion could not
be accomplished actively in one specimen. It is possible that a larger sample size in these
conditions could produce results indicating a significant difference between the fracture state and
hemi-arthroplasty repair.
The current in-vitro biomechanical study does have limitations. Although collateral
ligament repair kinematics generally did not deviate from the intact arm, small variations from
the intact state were quantified in the horizontal and valgus positions. Thus, the use of the
ligament repaired intact coronoid state as a control may have induced some error. The largest
mean difference in angulation between the intact and ligament repaired control occurred in
passive pronated flexion in the valgus position (4.19 ± 1.90°); but on average the difference did
not exceed 2°. While ideally the effects of coronoid fracture and hemi-arthroplasty would be
compared to the intact arm, this study used the ligament repaired coronoid intact state as a
control. This was done as our objective was to examine the kinematic effects of coronoid hemi
arthroplasty alone to investigate the feasibility of the prosthetic device, independent of ligament
insufficiencies. Ligament sectioning and repair was necessary to provide surgical access to the
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coronoid process for fracture simulation and hemi-arthroplasty, and could not be avoided in this
biomechanical study. Furthermore, the effect of coronoid hemi-arthroplasty in the setting of
collateral ligament repair is clinically relevant, as the coronoid is usually fractured in
combination with collateral ligament injuries, requiring surgical repair of these structures 13. As
the deviations of the control from the intact arm were small, we are confident in the clear
evidence suggesting that the coronoid implant was effective in restoring stability to the coronoid
deficient elbow. These results would likely not have been any different in a model with fully
intact collateral ligaments, which may occur after healing clinically.
Another limitation of this study was that the prosthetic device was not tested in
combination with other osseous and soft tissue elbow joint injuries. As the coronoid is typically
injured in the setting of an elbow dislocation or ligamentous injuries, this would have more
adequately represented the injury pattern associated with coronoid fractures 21. The effects of
coronoid hemi-arthroplasty were examined in isolation intentionally, as the objective of this
study was to specifically determine the feasibility o f coronoid hemi-arthroplasty. Combining
ligamentous or osseous defects would have made it difficult to determine the source of kinematic
deviations, thus masking the effectiveness of the prosthesis. Future investigations should test
coronoid hemi-arthroplasty in combination with soft tissue and osseous injuries.
The limited range o f specimens specifically chosen for this in-vitro biomechanical study
was intentionally selected to reduce specimen variability. As discussed in Chapter 2, the design
of the prosthetic device was based on the morphology of a subsection o f the population in order
to reduce variability to avoid making a family of implants for various sizes o f specimens. Male
specimens were chosen to limit the variability in specimen size, as they are typically larger and
less osteoporotic than female arms 37, 3S. Right arms were chosen to avoid the need to
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manufacture another implant for left elbows. This reduced sample population is a limitation of
our study; although the prosthetic device was shown to restore elbow kinematics in the male
population, the effects of this design on the kinematics o f typically smaller female arms is not
known. However, the restorative effects of a single implant design when implemented in a
sample population which is representative o f approximately half of the total human population
reflects positively on the feasibility o f this implant for production and future clinical use. This
may imply that manufacturing only a small family of implants could adequately address the
entire human population.
Even though a limited subset of the population was intentionally chosen to reduce
specimen variability, large standard deviations were observed in these experimental results
(Figures 4.12-4.15 illustrate standard deviations associated with various positions and coronoid
states). The variability amongst specimens observed in this study is consistent with results found
in similar kinematic investigations; where large standard deviations are typically due to the
natural variability o f the size and laxity o f the elbow joint 2’ l0, 28, j9. A repeated measures
statistical analysis was chosen to account for the large variability observed between specimens.
This statistical approach allows the effects of coronoid state and flexion angle to be isolated by
accounting for the differences between cadaveric specimens.
The reduced number of specimens reported for certain forearm conditions may also be
considered a limitation of this study, as it may have reduced the power of our statistical analysis,
altering our results. A larger sample size should be considered in the future to avoid this issue,
and produce a more adequate picture of the effects of fracture and hemi-arthroplasty in pronated
active flexion in the varus and vertical positions.
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Several strengths can be attributed to the design and nature of this in-vitro biomechanical
study. In addition to reporting the kinematic effects of coronoid hemi-arthroplasty, the results of
this investigation emphasize the importance of the structure of the coronoid process for proper
elbow stability. In contrast to various other biomechanical investigations which indicate
significant losses in stability when 50% or more of the structure is lost, this study found
significant destabilizing effects to be associated with a smaller fracture size 4’ 6. This study
additionally observed a significant loss of stability in positions which have not been previously
reported, highlighting the importance of forearm positioning during rehabilitation of the elbows
with coronoid injuries 2; 10. An additional strength o f this study was the use of a sophisticated
measurement system to accurately investigate the kinematic changes associated with changes in
coronoid state. The adequate sample size, where effects of coronoid fracture and hemi
arthroplasty were investigated in 8 cadaveric specimens, may be considered a strength of this
study as well, as clinically and statistically relevant effects could be drawn from the design of
this experiment. A final strength of this in-vitro biomechanical study was the novel nature of the
coronoid implant; to our knowledge this is the first investigation into the feasibility o f a
prosthetic device to address comminuted fractures of the coronoid process.
In conclusion, the results o f this in-vitro kinematic study, where a prosthetic device has
been shown to stabilize the coronoid deficient elbow, suggests that coronoid hemi-arthroplasty
may be an effective procedure for addressing comminuted unreconstructable fractures of the
coronoid process. Further studies should be conducted to examine the clinical feasibility of this
design. Specifically, the device should be tested in conjunction with other elbow injuries, such as
insufficiency of the collateral ligaments and fractures to the radial head, to create an injury
pattern more representative of that typically experienced with coronoid injury. Additionally,
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further investigation into joint contact should be conducted to determine the effect of a metallic
coronoid hemi-arthroplasty articulation with the articular cartilage surfaces o f the distal humerus
and proximal radius. The results indicating that the kinematics o f the arm do not deviate from the
control state as a result of coronoid hemi-arthroplasty suggest that an anatomical prosthesis
design based off the anthropometric characterization of the coronoid process may adequately
reproduce the geometry of the structure. The successful reproduction o f the morphology of the
Type II coronoid presented in this chapter indicates that it may also be possible to produce an
implant to replace a Type III coronoid fracture, which would be beneficial as larger fracture sizes
have been shown to further alter elbow biomechanics ' ,4’l0.
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Chapter 5 - General Discussion
O v e r v ie w
In this chapter, the objectives and hypotheses outlined in Chapter 1 are
revisited, and the research pursued to fulfill these objectives is
summarized. The strengths and limitations o f this work are discussed, and
areas o f future research are highlighted.

5.1

S u m m a r y o f H y po t h e ses
Three hypotheses relating to coronoid hemi-arthroplasty were introduced at the

beginning o f this thesis. First, it was hypothesized that the results o f an anthropometric
study could lead to the development of a family of prosthetic devices to replace the
structure of the coronoid process. As a design was successfully generated following
anthropometric characterization o f the coronoid process, which appeared to be
compatible with a wide range of cadaveric specimens, it is conceivable that a relatively
small family of implants could be developed to satisfy the entire human population, given
the complex and variable structure of the coronoid process. Second, we hypothesized that
cement fixation would minimize the micro-motion experienced by the prosthetic device
in response to an axial load. As predicted, the cemented fixation technique was observed
to minimize the rotational and translational motion o f the prosthetic device. Third, we
predicted that an anatomically shaped coronoid implant would restore stability to a
coronoid deficient elbow. Increased internal rotation and varus angulation was quantified
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following simulation o f a clinically relevant coronoid fracture. The coronoid hemi
arthroplasty restored stability to the coronoid deficient elbow such that the kinematics
were similar to the control state. Thus, Chapters 2 through 4 present data supporting the
three main hypotheses previously presented.

5.2

C o r o n o id M o r ph o l o g y
The coronoid process has been recognized as a key component in maintaining the

stability o f the elbow joint, and has been the topic of several recent anthropometric
investigations. The current

investigation far exceeds the scope of any previous

morphological study, exploring numerous topographical features which have previously
not been reported. The results of this anthropometric study revealed the complexity and
variable nature of the coronoid itself, while also demonstrating the inter-specimen
variability of this structure. Relationships between the various anatomical features were
identified which allowed for the successful design o f an anatomically shaped hemi
arthroplasty. These results are useful not only for producing morphological data for the
purpose of implant design, but also for increasing the general knowledge and awareness
of the complex shape of the coronoid process.

5.3

C o r o n o id P r o st h esis F ix a tio n
The micro-motion of the coronoid prosthesis designed in Chapter 2 was observed

to be minimized through the use of cement fixation. Although both types of screw
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fixation yielded larger rotational and translational implant displacements in comparison
to cement fixation, the magnitude of the deviation from the original position was minimal
suggesting that when combined with an uncemented stem design, screw fixation should
allow for reliable osseointegration. Press fit fixation using a smooth prototype implant
was not found to sufficiently maintain the position of the prosthetic device, and should be
avoided until further design improvements are developed and verified.
The displacements observed relative to the initial position of the implant were
generally quite small in both screw and cement fixation, which indicates the initial
position o f the implant may be sufficiently maintained following hemi-arthroplasty
surgery. The minimal deviations observed may contribute to the successful outcome
following the surgical procedure as the alignment with the surrounding structures should
be preserved. Further clinical and biomechanical studies are required to examine the
effects of joint contact. In addition, the clinical implications o f the displacements
quantified in this study are needed prior to commercialization of and clinical use of a
coronoid prosthesis. Furthermore, as surgical fixation was performed on denuded ulnae in
this in-vitro study, the fixation methods should be assessed in intact elbows to properly
assess the ease o f implantation in an effort to determine the optimal technique for clinical
fixation.

5.4

C o r o n o id H e m i -A r t h r o p l a st y
As no standard or optimal treatment is currently available, comminuted coronoid

fractures persist as a difficult and unsolved clinical problem. The studies presented are
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the first to examine the effects of coronoid hemi-arthroplasty, a potential restorative
procedure for the management of comminuted coronoid fractures. The coronoid
prosthesis discussed throughout this thesis is a novel device, with an original design
developed from the results of an anthropometric study presented herein. Although the
effects of implementing this implant cannot be compared with data from previous studies,
as it is the first device of its kind, the results of the kinematic investigation discussed in
Chapter 4 reflect positively on the design o f the prosthesis. The methods employed to
incorporate the various complex features of the coronoid process into the design of the
implant will likely be of use in future coronoid prosthesis designs, and may also serve as
a guide for replicating the features of other complex anatomical structures.
The effects of coronoid hemi-arthroplasty on elbow kinematics were discussed in
Chapter 4, where the implant was shown to restore native elbow kinematics to the
coronoid deficient elbow. The simulation o f a coronoid fracture was shown to have
destabilizing effects in all four arm positions tested; in each o f these cases coronoid hemi
arthroplasty restored elbow kinematics similar to the coronoid control. The findings of
this study suggest that hemi-arthroplasty may be a feasible method for treatment of
comminuted unreconstructable coronoid fractures. Additionally, the effectiveness of a
single implant design employed in eight different cadaveric extremities may indicate that
only a small family of implants may be required to satisfy the entire population; a
positive outlook for the potential production and clinical use o f this device. Although the
clinical effects o f coronoid hemi-arthroplasty are not known at this time, the results of
this study advocate for its potential future clinical use.
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5.5

F u tu re D ir e c t io n s
The studies presented herein were designed to investigate the feasibility of

implementing an anatomical prosthesis to address comminuted coronoid fractures. The
results o f each section advocate for the potential use o f a prosthesis for treatment of
complicated unreconstructable fractures, as the results of an anthropometric study were
used to produce a device which was shown to be capable o f withstanding clinically
relevant loads, and restoring stability to the coronoid deficient elbow. As the current
investigations are promising, supplemental studies will be of use for determining the
feasibility of implementing coronoid hemi-arthroplasty for the management of
complicated coronoid fractures.
The prosthesis should further evaluated with concomitant injuries to the collateral
ligaments and or fractures to the radial head which are commonly associated with
fractures o f the coronoid. It is also important to investigate the effects of coronoid and
radial head hemi-arthroplasty together, as both could conceivably be required in the
setting o f a terrible triad injury. The coronoid prosthesis may need to be modified for
such an investigation, to ensure there is a compatible articulation with the radial head
implant. Additionally, joint contact studies should be conducted to examine the effects of
the prosthetic device on the surrounding osseous structures. Contact studies will
contribute to optimizing the design of the articular face of the implant, and reducing
unnatural stresses to the articulation with the native distal humerus. A broad
morphological study of the coronoid process, as well as the investigation of joint contact,
should help determine the family o f implants required to satisfy the range of sizes in the
human population. The presented investigations may also act as a guide for the design
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and development of a prosthesis to address larger coronoid fractures (Type III) where a
site for attachment for the MCL would be required. Although these injuries are less
common, an implant to address injuries o f this nature would also be a useful addition to
the armamentarium of surgeons managing patients with severe fractures involving most
or all of the coronoid.
In conclusion, the investigations herein on the development and testing of a novel
coronoid hemi-arthroplasty device have been very promising. The clinical effects of
coronoid hemi-arthroplasty are however, presently unknown, and hence future
biomechanical and clinical studies are required to investigate the effectiveness of a
coronoid implant.

198

Appendix A - Glossary of Medical Terms

This appendix contains a list of the medical terms used through this thesis, to
provide assistance to the reader who may be unfamiliar with this terminology.
Active Motion

Achieving motion by applying forces to bone or tendons

Anterior

Pertaining to or toward the front plane of the body;
opposite of posterior

Anthropometry

The science of quantifying anatomic features of the body,
where the size, weight, and proportions o f the human body
may be measured

Arthritis

Inflammation of the joint characterized by pain, swelling,
and structural changes

Arthroplasty

The surgical replacement or reconstruction of a joint

Articular Surface

The end o f a bone which forms a synovial joint

Articulation

The point o f contact formed by bones composing a joint

Axial/transverse Plane

The anatomical plane passing horizontally through the
body, dividing the body into superior and inferior parts

Cadaveric

Of, or pertaining to, a deceased body, preserved for
anatomical study

Capitellum

A small eminence on the lateral end of the distal
humerus, which it articulates with the proximal radius

Capsule

A ligamentous sac surrounding the articular cavity of a
joint composed of an outer fibrous membrane and an inner
synovial membrane

Cartilage

A specialized fibrous connective tissue found in throughout
the body, including the joints between osseous structures

Comminuted

Broken or crushed into several small fragments

Computer Tomography

Medical imaging technique employing x-rays to
generate a three-dimensional image an object
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Coronal Plane

The anatomical plane passing longitudinally through the
body, dividing the body into anterior and posterior sections

Coronoid Process

The anterior-most aspect o f the proximal ulna, which forms
the distal portion of the greater sigmoid notch

Degree-of-freedom

An independent coordinate describing the position of a
body

Digitization

The act of physically acquiring the three-dimensional
location of points on an object’s surface

Distal

Situated away from the point of origin or attachment;
opposite of proximal

Dislocation

Displacement of a bone from its native articulation

Extension

Movement causing straightening or an increase in flexion
angle

External Rotation

A rotation away from the mid-line of the body (i.e. forearm
supination)

Flexion

Movement bending the limb or reducing the angle between
two bones

Fossa

In anatomy, a depression or hollow area

Greater Sigmoid Notch

A depression located in the proximal ulna formed by the
olecranon and the coronoid process, which articulates with
the trochlea of the humerus. Also referred to as the semi
lunar or trochlear notch of the ulna

Hemi-Arthroplasty

Arthroplasty in which only one half of the joint surface is
replaced with an artificial material

Inferior

Lower in place or position, in anatomy closer to the feet;
opposite o f superior

Internal Rotation

A rotation towards the mid-line of the body (i.e. forearm
pronation)

In-vitro

In an artificial environment outside the living body

In-vivo

Within the living body
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Joint

A location at which two or more bones unite to form an
articulation

Joint capsule

The saclike envelope enclosing the cavity of a synovial
joint

Kinematics

The study of the relative motion between two or more
physical bodies

Lateral

Denoting a position further from the mid-line of the body

Laxity

The quality or state of being loose

Lesser Sigmoid Notch

An articular depression on the lateral side of the coronoid
process which serves to receive the articular surface of the
head of the radius. Also referred to as the radial notch of
the ulna

Ligament

A band of fibrous tissue serving to connect bones or
cartilage, which supports and strengthens joints

Medial

Situation toward the mid-line of a body

Micro-motion

A localized undesirable motion, which may result in
displacements (typically < 500 microns) at an interface
between bony tissue and a biomaterial. This may be an
opening at an interface (gapping) or a translational
displacement along an interface, which is assoiated with
external physiological loading.

Morphology

The study of the form or shape of a structure

Muscle

A tissue composed of cells or fibers, the contraction of
which produces movement in the body.

Osteotomy

The dividing of a bone, or the excision of part of it

Passive Motion

Achieving joint motion without muscle activation (i.e.
movement is achieved manually)

Posterior

Pertaining to or toward the back of the body; opposite of
anterior

Pronation

In relation to the hand, rotation of the forearm so the
surface of the palm is facing downward or toward the back
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Prosthesis

A device, either external or implanted, that substitutes for
or supplements a missing or defective part of the body.

Proximal

Anatomically situation close to the origin or line of
attachment

Radial head

An anatomical structure forming the proximal end of the
radius, which articulates with the capitellum of the humerus
and the lesser sigmoid notch of the ulna

Sagittal Plane

The anatomical plane traveling vertically from the top to
the bottom of the body, dividing it into left and right
portions

Segmentation

The process of partitioning an image into multiple specific
regions

Soft tissue

Tissues connecting, supporting, or surrounding other
structures of the body (muscles, tendons, ligaments)

Spline

A function having specified values at a finite number
of points, which consists of segments of polynomial
functions joined smoothly at these points

Stylus

A pen-like object that traces the surface of an object to
determine the three-dimensional coordinates of the points
on that surface

Superior

Situated above or directed upward; opposite of inferior

Supination

In relation to the hand, rotation of the forearm so the
surface of the palm is facing upwards or toward the front

Suture

A stitch or series o f stitches intended to secure the edges of
a wound; material used in closing a wound

Tendon

A fibrous cord of connective tissue attaching the muscle to
bone or cartilage

Trochlea

An anatomical structure, resembling a pulley, found at the
distal end of the humerus which articulates with the
proximal ulna

Valgus

Bent outwards; angulation of part of the body away from
the mid-line of the body
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Varus

Bent inwards; angulation o f part of the body toward the
mid-line of the body

Voxel

A volume element, representing a value on a regular grid in
three-dimensional space
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Appendix B - Trigonometry and Algebra Utilized in the
Morphological Characterization of the Coronoid Process
B
.
lT h e

V e c t o r P ro d u c t

The vector product (Equation B .l) is an operation performed on two vectors (a
and

b) in three-dimensional

space which produces a third vector perpendicular to both

original vectors. This equation was used to generate the x and y axes of the anatomical
coordinate system, and was also utilized to perform checks to ensure the positive
directions of the coordinate axes were oriented correctly in the ulnar coordinate system.

a x b = ab sin 0 n
Equation B .l: The Vector Product
In the above equation: 6 is the measure o f the smaller angle between three
dimensional vectors a and b (0° < 6 < 180°), a and b are the magnitudes o f
vectors a and b, and n is a unit vector perpendicular to the plane containing both
a and b.

B
.
2
T he

S c a la r P ro d u c t

The scalar product (Equation B.2) is an algebraic operation which takes two 3
dimensional vectors and returns a single scalar value. As illustrated in Equation B.2, this
product can be obtain by multiplying the corresponding unit vectors (ie. ax.bx, ay.by,a2.bz),
then adding the resulting products. The angle between the two vectors a and
determined by rearranging Equation B.2, as illustrated in Equation B.3.

b can

be
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Referring to Figure B .l, the scalar product was used to determine the angle
between the facet lines [c] and the coordinate systems’ x axis [a] to produce
measurements describing medial and lateral facet angles [A], This equation was also used
to determine LSN angulation with respect to the x-axis, and to perform checks to ensure
the correct orientation of the positive directions of the coordinate axes o f the anatomical
coordinate system used in the anthropometric study.

a • b = |a[jb|cos0 = a x bx+ a y b y+ a z bz
Equation B.2: The Scalar Product
The scalar product equation is illustrated above, where axyx and bxyz correspond
to the unit vectors o f vectors a and b, and 0 corresponds to the angle between the
two vectors in 3-dimensional space.

Equation B.3: The Scalar Product Equation Rearranged to Obtain the Angle Between
Two Vectors
The angle between the two vectors a and b can be determined by rearranging
Equation B.2, as illustrated above.
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Figure B.l: Facet Angle and Facet Width Calculation
Facet angles [A] and facet widths [a] were calculated using the scalar product
(Equation B.3) and the law o f sines (Equation B.4) respectively. The
measurements depicted above lie in the 40% coronal plane. This process was also
performed in coronal planes placed at 10, 20, and 30% o f coronoid height fo r
each specimen.
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B.3 T he Law of S ines
The sine law is a trigonometric equation relating the lengths of the sides of a
triangle to the sines of the angles within the triangle (Equation B.4). The sin law was used
to algebraically determine the medial to lateral width of the coronoid process in each
coronal plane. Referring to Figure B.l, the medial or lateral facet angle A, medial or
lateral facet length c, and angle C (90°) are used to determine the medial or lateral facet
width a.

a
sin A

b
sin B

C
sin C

Equation B.4: Law o f Sines
The trigonometric equation fo r the sine law is illustrated above, where variables
a, b, and c refer to the lengths o f the sides o f the triangle, and variables A, B, and
C correspond to the angles within the triangle.

B.4 P ositive D irection C heck for C oordinate
A xes
Positive directions for the x and z axes were chosen as the distal and lateral
directions respectively. The y axis was defined as positive in the posterior direction for
left ulnae, and anterior for right ulnae. An automated check within the LabVIEW
program was used to ensure the correct positive directions o f the anatomical axes. This
performed through a series of checks, utilizing the vector and scalar products (Equations
B.l and B.2 respectively). Figure B.2 illustrates the vectors used to perform these checks.
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First, the vector representing the z axis (resulting from the circle fit algorithm)
was crossed with a distal pointing vector (Vector A), created by subtracting the first flat
point from the second flat point. This cross product results in a third vector (Vector B),
which points either anteriorly or posteriorly, depending on the direction o f the z-axis,
which was randomly generated in either the lateral or medial direction as a result of the
circle fit algorithm. A fourth vector (Vector C) was then created by subtracting the first
point digitized on the greater sigmoid notch from the last point digitized.
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Figure B.2: Vectors Used to Determine Positive Axes Orientations
Vectors A, B, and C above were used in a series o f checks to determine the
correct orientations fo r the positive directions o f the coordinate systems ’ x, y, and
z axes. The z-axis is indicated by a black circle (blue) located at the center o f the
radius o f curvature o f the coronoid; this vector was oriented either into, or out o f
the page (laterally or medially). Vectors A and C were consistently oriented
distally and posteriorly respectively. Checks were performed to determine the
direction o f Vector B, which pointed either posteriorly or anteriorly, as well as
determine the orientation o f the z-axis (which pointed either medially or
laterally). I f either the z-axis or Vector B was found to have improper orientation,
the direction o f the vector would be corrected by multiplying each o f the
components o f the vector by -1.
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As the guiding ridge was consistently digitized from the tip o f the coronoid to the
base o f the GSN, Vector C pointed generally in the posterior direction. The directions of
Vector B and Vector C were then compared using the scalar product. When the scalar
product is performed on two vectors, a resulting value o f 0 indicates the vectors are
perpendicular, a resulting value of 1 indicates the vectors are parallel, pointing the same
direction, and a resulting value o f -1 indicates the two vectors are parallel, but oriented in
opposite directions. Thus, if the result o f the scalar product between Vector B and Vector
C is positive, it will be known that these two vectors point in the same direction
(posterior), however, if a negative result is obtained, it will be known that Vector B
points in the opposite direction o f the posteriorly oriented Vector C; meaning Vector B is
a anterior vector. The LabVIEW program then draws on input information, where the
user indicates if the specimen is a left or right ulna. If the specimen is a right ulna, the
positive direction for the y-axis is anterior, thus if the result o f the scalar product between
Vector B and Vector C is a negative value, this indicates that Vector B points anteriorly,
in the desired direction. However, if a negative value is obtained, the program
automatically re-orients Vector B, flipping the direction vector to point anteriorly rather
than posteriorly in the case of a right ulnae. When a coordinate system in generated for a
left arm, the opposite is true; the program seeks a positive value indicating a posteriorly
pointing y-axis, if the value is found to be negative, the program automatically flips
Vector B, creating a posterior y-axis. Finally, once the program has correctly oriented the
y-axis, it checks for the orientation o f the z-axis. In a right arm, the cross product o f a
lateral and distal vector will give the desired anterior vector, as defined by the Right
Hand Rule (Figure B.3).
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Figure B.3: Right Hand Rule
The right-hand rule is a mnemonic fo r understanding direction o f a vector
resulting from the vector product o f two other vectors. With the thumb, index, and
middle fingers at right angles to each other (as indicated above), the middle
finger points in the direction o f c while the thumb represents a, and the index
finger represents b. Thus, when vector a is crossed with vector b, the resulting
vector c will always point in the direction o f the middle finger. The right hand
rule was o f importance, as explained in Chapter 2, in determining the correct
orientations o f the axes fo r the ulnar coordinate systems. I f the thumb (a) o f the
right hand is oriented distally along the ulna, and the index finger (b) is pointed
laterally, away from the center o f the body, then the middle finger (c) will point
anteriorly, as was explained in Chapter 2.
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To check if the z-axis is indeed laterally oriented, the cross product of the vector
representing the z-axis and the posterior pointing x axis is performed. This resulting
vector is compared with the posterior Vector C, previously mentioned). A resulting
negative value will indicate the resulting y-axis vector is indeed pointing anteriorly,
opposite to Vector C, indicating the z-axis was oriented laterally to begin with. However,
a positive value resulting from the scalar product will indicate the cross product of the xaxis and z-axis resulted in a posterior vector (directed parallel and in the same direction
as Vector C). In this case, the program corrects for the improper orientation of the z-axis
by multiplying the direction vector by a value of -1, effectively flipping the vector,
creating a z-axis pointing positively in the lateral direction. The opposite check is
performed for left ulnae.
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Appendix C - Morphological Data Analyses: Linear Fit
Method and Special Cases

C .l L in e a r F it M eth o d
Several mean measurements resulting from the anthropometric study were taken
directly, without modification, and applied to the prosthesis design. These measurements
included the coronoid radius of curvature, height, and depth. However, repeated
dimensions, (i.e. those repeated on each of the coronal planes), required some
modification. Direct use of the medial facet angles for example would result in a non
uniform and “wavy” articular surface consisting of both concave and convex regions,
which would be inappropriate for prosthetic use. Graphing each of these measurements
against its location with respect to coronoid height (Figure C.4), strong correlations
between measurement and coronal plane were observed, exhibiting linear trends, for
many o f the measurements: medial facet lengths (R=0.99), medial facet angles (R=0.98),
lateral facet angles (R=0.98), medial facet depths (R=1.0). Where R values indicated a
strong linear trend, a linear equation of best fit was generated and data for the implant
was extracted from this new trendline. This resulted in a smooth and uniform articular
surface which maintained the trend of the measured articular surface without deviating
markedly from the original data. This process (or variation thereof) was applied to the
medial and lateral facet angles and widths, to the LSN widths, and to the measurements
defining the maximum medial facet and LSN depths.
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Figure C.4: Medial and Lateral Facet Width and Angles - Measurements Compared
Between Coronal Planes 10 - 40
Measurements which were taken on planes 10-40 could not be applied directly in
the design o f the implant, as this would have resulted in an irregular surface,
inappropriate fo r prosthetic use. These measurements were therefore graphed,
and where linear trends were observed, measurements fo r each plane were taken
from the linear trendline. The medial and lateral facet angles and widths were
graphed such that these measurements could be compared over the height o f the
coronoid. A strong correlation between measurement and location o f
measurement (ie. coronal plane) was observed when the medial widths
(R=0.9868) and facet angles (R=0.9806) were examined, as both characteristics
increased as the structure was descended. A similar linear trend was observed
upon examination o f the lateral facet angles (R=0.9789). In the case o f the lateral
facet widths, the correlation was not as strong as the other facet characteristics
(R=0. 8139)
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C.2 S p e c ia l C ases
Five special cases arose in the use o f this “linear fit method” to generate a smooth
and continuous prosthesis design. These special cases, where a linear line could not
simply be generated, arose as a result o f missing data due to the absence o f a
morphological feature or due to a poor linear correlation. The morphology o f the
coronoid was found to be quite variable, in particular the location o f the LSN as well as
the commencement o f curvature o f the medial facet was found to vary from specimen to
specimen. The lesser sigmoid notch was not found to exist above the 30% coronal plane,
as such no data was obtained for the 10 and 20 % planes, and no medial facet depths were
measured (due to a lack o f curvature) above the 20% plane. This complicated three
variables; LSN width, LSN angle, LSN depth, and the medial facet depth dimension. The
fifth special case, lateral facet length, was complicated as the trend was much less linear
than the other angle and length facet measurements, as illustrated in Figure C.4.

C
.
2
.
1L
e
s
s
e
r
S
i
g
m
o
i
d
N
o
t
c
h
W
i
d
t
h
As was previously described, the lesser sigmoid notch was not observed to exist
above the 30% coronal plane, thus there was no data available for the 10 and 20%
coronal planes. Furthermore, the LSN was only present above the 40% plane in two
specimens, therefore the measurements above this plane were not considered reliable. To
create a smooth and continuous implant surface, the LSN tapered in a linear fashion
towards the anterior surface o f the prosthesis. This was accomplished by extracting points
for each coronal plane (10-30) from a linear line extending from the origin (indicating an
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LSN width o f zero at the tip o f the prosthesis) to the average LSN width determined for
the 40% coronal plane, as illustrated in Figure C.5.
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Figure C.5: Lesser Sigmoid Notch Widths - Points Taken for Planes 10-30
Measurements which were taken on planes 10-40 could not be applied directly in
the design o f the implant, as this would have resulted in an irregular surface,
inappropriate fo r prosthetic use. As the Lesser Sigmoid notch was not observed to
exist above the 30% coronal plane, there was no data available fo r the 1 0 and
20% coronal planes. Furthermore, the LSN was only present above the 40%
plane in two specimens, therefore the measurements above this plane were not
considered reliable. To create a smooth and continuous implant surface, the LSN
tapered in a linear fashion towards the anterior surface o f the prosthesis. This
was accomplished by extracting points fo r each coronal plane (10-30) from a
linear line extending from the origin, to the average LSN width determined fo r the
40% coronal plane, illustrated above. Although the LSN was not found to exist
above the 30% plane in this anthropometric study, the continuation o f the LSN
anteriorly to the tip o f the implant was created to ensure the existence o f a surface
to support the radial head, should it be positioned more anteriorly than was
observed in this study.
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As measurements above the 40% plane were not considered reliable, it was
decided to use only the lowest plane to define the angulation o f the LSN. In contrast to
the method used for LSN width, where the measurement was decreased linearly towards
the tip o f the coronoid, the angulation o f the LSN at 40% o f the height o f the coronoid
was applied to all four coronal planes. No observable trend for LSN angle exists (in
contrast to LSN width, which appears to taper anteriorly), as such it was determined that
applying the most reliable measurement to the entire structure was the most appropriate
method for including this feature in the implant design.
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The complications which arose in incorporating LSN width and angle
measurements into the prosthesis design due to the absence o f the structure o f the LSN
above the 30% plane arose in the case o f the lesser sigmoid notch depth as well. In
addition to the absence o f data for the two anterior planes, this measurement, which
described the curvature o f the lesser sigmoid notch, was not found to exist within the
30% plane. Thus, the only plane to yield data for this feature was the lowest (40%)
coronal plane. The data points for LSN depth on the three anteriorly located planes were
extracted from a linear trendline, similar to the method used for LSN width and angle, fit
through the origin and average LSN depth for the lowest coronal plane (Figure C.6). LSN
curvature therefore gradually diminished from the base o f the implant to the tip.
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Figure C.6: Lesser Sigmoid Notch Depths - Points Taken for Planes 10-30
Measurements which were taken on planes 10-40 could not be applied directly in
the design o f the implant, as this would have resulted in an irregular surface,
inappropriate fo r prosthetic use. As lesser sigmoid notch curvature was not
observed above the 40% coronal plane, there was no data available fo r coronal
planes 10-30. To create a smooth and continuous implant surface, the curvature
o f the LSN was made to reduce in a linear fashion towards the anterior surface o f
the prosthesis. This was accomplished by extracting points fo r each coronal plane
(10-30) from a linear line extending from the origin, to the average LSN depth
determined fo r the 40% coronal plane, illustrated above.
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As the medial facet was found to be flat, rather than concave, above the 20%
plane, no medial facet depth measurement existed for the 10% coronal plane. A very
strong linear correlation (R = 0.9999) for the facet depths and their location with respect
to coronoid height was observed, thus the medial facet depth dimension for the 10%
plane was taken from the linear trendline generated from the measurements on the 20
40% planes, to ensure a smooth continuous implant surface (Figure D7).
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Maximum Mediai Facet Depths
on Coronal Planes

Figure C.7: Maximum Medial Facet Depth - Measurements Compared Between
Coronal Planes 20 - 40
Measurements which were taken on planes 10-40 could not be applied directly in
the design o f the implant, as this would have resulted in an irregular surface,
inappropriate fo r prosthetic use. The maximum medial facet depth measurement
was graphed such that these measurements could be compared over the height o f
the coronoid. As no curvature was oberserved above the 20% coronal plane, this
trend was evaluated only on planes 20-40. A linear trend was observed
(R2 =0.9999) as the medial facet depth was found to increase as the height was
descended.
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In contrast to the medial facet widths and medial and lateral facet angles, the
measurements taken for lateral facet widths did not exhibit a strong correlation between
the length measurement and the location where the measurement was taken (R=0.81). A
linear trendline was fit to the lateral width dimensions by using only the data for the 10%
and 40% planes (Figure C.8). This ensured that the location o f the proximal boundary o f
the LSN was correctly located within the 40% plane, while establishing a smooth
articular surface. Less importance was placed on the location o f the LSN on the more
anterior planes, as the structure did not usually exist above this point.
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Lateral Facet Widths with
Trend Line Adjusted for
Prosthesis Design
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Figure C.8: Lateral Facet Widths - Trend Line Adjustment
Measurements which were taken on planes 10-40 could not be applied directly in
the design o f the implant, as this would have resulted in an irregular surface,
inappropriate fo r prosthetic use. These measurements were therefore graphed,
and where linear trends were observed, measurements fo r each plane were taken
from the linear trendline. In the case o f the lateral facet widths, the correlation
was not as strong as the other facet characteristics (R2=0.8139). A trendline was
generated based on the average measurements taken from the 10% and 40%
coronal planes. This ensured that the location o f the proximal boundary o f the
LSN was correctly located within the 40% plane, while establishing a smooth
articular surface. Less importance was placed on the location o f the LSN on the
more anterior planes, as the structure did not usually exist above this point. A
primary concern however, was the lateral boundary o f each lateral facet line. I f
these lines were overestimated, they may extend the implant into the proximal
radio-ulnar joint, causing an interference with the radial head. By using only the
lateral facet width data fo r the 10 and 40% planes, the correct location o f the
proximal boundary o f the LSN could be maintained, the true measurement fo r the
1 0 % plane could be used, and the measurements from the central planes were
located in a more conservative fashion. Dimensions used fo r implant design were
then taken from this new trendline.

223

Appendix D - Implant Tip Design: Defining Splines to Create
a Smooth Articular Surface
The exact morphology o f the anterior portion o f the coronoid, above the 10%
plane, was not defined by the anthropometric study. The geometry o f the tip therefore
was constrained only by its height above the most anterior plane. A central dome like
structure was first created through the use o f a spline in the ulnar coordinate systems’ x-y
plane, to define the curvature o f the anterior tip o f the prosthesis (Figure D.9). With
endpoints defined by the proximal and distal boundaries o f the implant within the 10%
plane, the spline consisted o f five knots, four of which were located proximal to the
splines’ articular end point and one distal to it. The knots were positioned such that when
the implant was viewed from the medial or lateral side, the tip appeared to be a smooth
continuation o f the radius o f curvature o f the implants’ articular face, as illustrated in
Figure D.9. Figures D.10 and D .l 1 illustrate the horizontal and vertical knot positions for
the central spline respectively; these distances are presented in Tables D .l and D.2.
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Figure D.9: Central Spline Knot Positions
The seven knots defining the curvature o f the central spline are illustrated. Knots
were positioned to create a smooth continuation o f the articular surface. The
vertical and horizontal positions o f each knot are later used to define knot
positions on the additional 1 0 splines located medially and laterally to the central
spline.

225

Figure D.10: Central Spline Knot Distances from Articular Knot (Horizontal)
Distances L 1-L 5 are used to define horizontal knot positioning fo r the central
spline.
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Figure D. 11: Central Spline Knot Distances from Articular Knot (Vertical)
Distances H 1-H 5 are used to define horizontal knot positioning fo r the central
spline.
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Length
Li
l2
l3

u

L5

Horizontal Knot Distance to
Central Articular Knot Ka (mm)
1.11
2.24
2.19
0.83
0.88

Table D .l: Central Spline Knot Distances (Horizontal)
The horizontal distances between the articular knot (Ka) and each central spline
knot are presented in this table. Refer to Figure D.10 fo r illustrations o f L 1-L5 .

Height

H,
h2
h3
h4
h5

Vertical Knot
Distance to
Central Articular
Knot K a (mm)
1.47
2.84
4.07
5.04
4.41

Table D.2: Central Spline Knot Distances (Vertical)
The vertical distances between the articular knot (Ka) and each central spline
knot are presented in this table. Refer to Figure D .l 1fo r illustrations o f H 1-H5 .
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A smooth tip surface was produced by creating progressively smaller domes of
the same shape extending from the central spline towards the medial and lateral
boundaries o f the coronoid. Ten domes were positioned in planes parallel to the x-y
plane, five positioned medially and five laterally to the initial spline. Medial Spline (S miSms) and articular knot (Ka-mi-Ka-ms) locations as well as lateral spline (S li-S ls) and
articular knot (KA-li-KA-l5) locations are illustrated in Figure D.12. The five splines
(located either medial or lateral to the central spline) were spaced equally along the
medial to lateral width o f the implant in the 10% plane. Distances o f 1.6 and 1.2 mm
were chosen to space the medial (m) and lateral (1) splines respectively.
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Figure D.12: Medial and Lateral Spline and Articular Knot Locations
Medial Spline (Smi-S ms) and articular knot (Ka-mi-Ka-ms) locations as well as
lateral spline (Sli-Sls) and articular knot ( K a - l i - K a -l s ) locations are illustrated in
this figure. The central spline and central articular knot (KA) are also highlighted.
The articular knot fo r each spline (KA (m / l . i -5) ) , which is o f interest as it used as a
reference point fo r positioning the 5 additional knots on the same spline, is
circled in the above image.
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Knot positions for the ten supplemental splines were determined algebraically.
Proximal-distal knot locations were positioned from the proximal endpoint of the spline,
as a proportion o f the distance between the splines’ two end points based on the central
dome’s dimensions. Table D.5 presents the proximal-distal length (ie. the length of the
spline within the 10% plane) of each spline used to create tip of the prosthetic device.
The horizontal distances from the articular knot to each additional knot

( L 1-L 5)

on the

central spline were then calculated as a fraction of total spline length. As is presented in
Table D.6, these fractions were applied to each additional spline, located either medially
or laterally to the central spline. This defined the horizontal distance from the articular
knot of each spline to each of the five knots located on each spline. The horizontal
distances to each knot within each of the additional medial and lateral splines were
therefore proportional to the horizontal knot distances o f the central spline, creating a
uniform set of points.

231

Spline

Length (mm)

Central Spline

S m3

7.78
7.05
5.33
3.65

S m4

2 .0 0

S m5

0.45
7.57
6.64
5.38
3.99
2.39

S mi
S m2

S li

SL2
S l3
S l4
S l5

Table D.5: Spline Lengths for Medial and Lateral Splines
The distance between the articular (Ka) and non-articular (Kna) spline knots fo r
each spline defining the anterior surface o f the coronoid prosthesis are presented
above. (Refer to figure D.12)
Length

Horiz.
Knot
Distance
to
Central
Articular
Knot K a
( mm)
1.11
Li
2 .2 4
u
2 .1 9
L3
0 .8 3
u
0 .8 8
Ls
LTotai= 7.77m m

Distance
as a
Fraction

Knot Distance (from

K a - m / l (ii),

mm)

Spline:

of Ljotal

S mi

S m2

S m3

S m4

S m5

S li

S l2

S l3

S l4

SL5

0 .1 4
0 .2 9
0 .2 8
0.11
0 .1 2

1.01
2 .0 3
2 .0
0 .7 5
0 .8 0

0 .7 7
1.53
1.50
0 .5 7
0 .6 0

0 .5 2
1.05
1.03
0 .3 9
0.41

0 .2 9
0 .5 8
0 .5 6
0.21
0 .2 3

0 .0 6
0.1 3
0.13
0 .0 5
0 .0 5

1.08
2 .1 8
2.1 3
0.81
0 .8 5

0 .9 5
1.91
1.87
0.71
0 .7 5

0 .7 7
1.55
1.51
0.5 8
0.61

0 .5 7
1.15
1.12
0.43
0 .2 6

0 .3 4
0 .6 9
0 .6 7
0 .2 6
0 .2 7

Table D.4: Central Spline Knot Distances from Articular Knot (Horizontal)
This table presents the horizontal distance between each central spline knot and
the articular knot. These distances were then calculated as a percentage o f the
total distance between K a and K na (Lrotai, Figure C.2). Knot positions fo r the ten
supplemental splines were then positioned along the total length o f each
individual spline (Table C.2) based on these fractions.
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The height of each knot was situated such that collectively, all the proximal most
points from each spline formed a parabolic shape over the base of the implant, as did the
grouping of the second, third, fourth, and fifth sets of knots, as is illustrated in Figure
D.13. Each parabola was defined by two points; the central point of each parabola was
specified as the height of each knot on the central spline above the central articular knot
(refer to Table D.2), the second point was specified as the intercept of the parabola with
the x axis, and the far medial or lateral boundary of the implant. Examples o f medial and
lateral parabolas are depicted in Figures D.14 and D.15 respectively. As the vertex (h,k)
of each parabola was known (as defined by the central spline knot) the unknown
parameter “p” was solved for in each equation, substituting the known x-intercept for
variables x and y (refer to Equation D.5 for the generic equation of a parabola). This fully
defined each parabolic equation (refer to Table D.5) such that the vertical knot positions
for each spline could then be determined, and applied to the design of the coronoid
prosthesis. Vertical knot positions for the additional medial and lateral splines are
presented in Table D.6.
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Figure D.13: Mediai Parabolas for horizontal knot placement
Medial parabolas (mi - ms), form ed by the vertical positioning o f spline knots, are
shown above. The knots defining each parabola are labelled a-e, as the parabola
stretches from the center to the medial boundary>o f the prosthesis. Each parabola
is form ed by the positioning o f the first, second third... etc points on each separate
spline (ie. Parabola mi is form ed by the proximal most knots on each spline, and
parabola ms is form ed by the distal most knots on each spline). Knots labelled as
“a" are always located on medial or lateral spline l (Smi or Su) and knots
labelled “b ” are located on medial or lateral spline 2 (Sm2 or S l2) etc. Lateral
parabolas are labelled similarly, (Iris) and knots a-e stretch from the center to
the lateral boundary o f the implant.
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Medial Parabola Knot Positions
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Figure D.14: An example of vertical knot placement (Parabola M l)
The anterior most medial parabola (mi) used to define the vertical height o f the
anterior most knots on each medial spline is illustrated above. The y-intercept o f
the parabola is defined by the height o f the first knot on the central spline, while
the x-intercept is defined by the medial boundary o f the coronoid implant. Knots
are labelled a-e to correspond to the knots labelled on Figure D.13.
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Lateral Parabola Knot Positions
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Figure D.15: An example of vertical knot placement (Parabola LI)
The anterior most lateral parabola (It) used to define the vertical height o f the
anterior most knots on each lateral spline is illustrated above. The y-intercept o f
the parabola is defined by the height o f the first knot on the central spline, while
the x-intercept is defined by the medial boundary o f the coronoid implant. Knots
are labelled a-e to correspond to the knots labelled on Figure D. 13.

{y - k ) 2 = Ap(x — h)

Equation D.5: Equation o f a Parabola
Parabolas running from the central spline to the medial and lateral boundaries o f
the implant define the anterior surface o f the prosthesis. This equation was used
to determine knot positions above the implants 1 0 % plane, defining the parabolic
surface, where h and k describe the x and y coordinates o f the parabolas vertex
and k describes the distance between the focus and vertex or the parabola.
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Parabola

Vertex
P

Medial

Lateral

1
2
3
4
5
1
2
3
4
5

h

k

0
0
0
0
0
0
0
0
0
0

1.47
2.84
4.074
5.04
4.41
1.47
2.84
4.074
5.04
4.41

-11.24
-5.83
-4.06
-3.28
-3.75
-7.29
-3.78
-2.64
-2.13
-2.43

Parabolic Equation

(y(y (y iy (y (y (y (y (y (y -

1.47)/ = 4(-11.24)x
2.84) 2= 4(-5.83)x
4.07) 1= 4(-4.06)x
5.04) 1= 4(-3.28)x
4.41) ^ = 4(-3.75)x
1.47) 2 = 4(-7.29)x
2.84)^= 4(-3.78)x
4.07) = 4(-2.64)x
5.04)2= 4(-2.13)x
4.41)2= 4(-2.43)x

Table D.5: Medial and Lateral Parabola Equations
The equation fo r each parabola used to define the anterior surface o f the
coronoid prosthesis is described. The vertex o f each parabola is known (defined
by the central spline knot heights) giving h and k. Substituting the known point
(vertex) into the parabolic equation (Refer to Equation C.l) p is solved for.

Knot

a
b
c
d
e

m\
1.42
1.25
0.96
0.56
0.50

m2
2.73
2.40
1.85
1.08
0 .1 0

Vertical Knot Positions (mm above 10% plane)
Parabola:
m^
ffÎ4
ms
1 2
13
1 1
3.92 4.85 4.24 1.42 2.74 3.94
3.44 4.26 3.73
1.28 2.46 3.53
1.98 2.84
2 .6 6
3.29 2 . 8 8
1.03
1.32
1.89
1.55 1.92 1 . 6 8
0 .6 8
0.14 0.17 0.15 0.24 0.46 0 . 6 6

14

4.87
4.37
3.52
2.34
0.82

Is
4.26
3.82
3.08
2.05
0.71

Table D.6: Parabolic Knot Positions
The vertical position o f each knot was determined using equation C.l (refer to
table C.4 fo r specific parabolic equations) by substituting the medial or lateral
distance o f the spline with respect to the central spline as the x variable, and
solving fo r y. Refer to Graphs C.l and C.2 fo r examples illustrating medial and
lateral parabolas. Figure C.5 illustrates parabola locations (m ¡-ms) and knot
locations (a-e) along each parabola.
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Appendix E - Active Muscle Loading Protocol
Tables E.land E.2 presents the loading protocol utilized to produce the smooth
continuous flexion of the forearm required for active motion.

Brachialis
Biceps

Vertical
PM
52%BR

Brachioradialis
Triceps

40%BR
15 N

Prontator Teres
Supinator
Wrist Flexors
Wrist Extensors

40 N
ON
ION
ION

Flexion Position
Horizontal
Valgus
PM
PM
6< 60°: 39%BR
52%BR
0> 60°:-log 10(0)

Varus
PM
52%BR

40%BR
15 N

40%BR
30 N

40 N
ON
10N
10N

40 N
ON
10N
10N

40%BR
0< 90°: 15 N
0> 90°: 5 mm/s
40 N
ON
10N
10N

Table E.l: Pronated Flexion Control Protocol
Flexion control protocols fo r pronated active flexion. During active flexion, one
muscle, designated as the prime mover (PM), moved in order to produce a near
constant flexion rate. Other muscle loads were either as a function ofprime mover
load, set at a fixed velocity, or position-controlled as a function o f flexion angle.
Flexion angle (6 ) is defined as 0° at fu ll extension and increasing as elbow flexion
progresses.
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Brachialis
Biceps

Vertical
PM
52%BR

Brachioradialis
Triceps

29%BR
15 N

Prontator Teres
Supinator
Wrist Flexors
Wrist Extensors

ON
40 N
ION
ION

Flexion 3osition
Horizontal
Valgus
52%BI
PM
PM
9< 60°: 100%BR
0> 60°:-log 10(0)

Varus
52%BI
PM

38%BI
15 N

3 8%BI
30 N

ON
40 N
10N
10N

ON
40 N
10N
10N

29%BR
0< 90°: 15 N
0> 90°: 5 mm/s
ON
40 N
10N
10N

Table E.l: Supinated Flexion Control Protocol
Flexion control protocols fo r supinated active flexion. During active flexion, one
muscle, designated as the prime mover (PM), moved in order to produce a near
constant flexion rate. Other muscle loads were either as a function ofprime mover
load, set at a fixed velocity, or position-controlled as a function o f flexion angle.
Flexion angle (6 ) is defined as 0° at fu ll extension and increasing as elbow flexion
progresses.
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Appendix F - Appendix to Chapter 4

F .l

S t a t is t ic a l D a t a : C o m p a r in g L ig a m e n t
R e p a ir t o t h e I n t a c t E l b o w
Statistical data comparing the kinematic effects of ligament repair to the intact

elbow are presented below. Statistical comparisons for both internal external rotation and
varus valgus angulation are presented in Table FI where significance was defined at
p<0.05.
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Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
vi-pp
VI-sa
Vl-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-PP
Vt-sa
Vt-sp

Internal External Forearm
Rotation
Native Elbow vs. Ligament Repair
Mean
Standard
Significance
Difference
Deviation
(degrees)
(degrees)
0.44
0.76
0.14
1.43
0.56
0.31
0.38
0.36
0.02*
2.22
1.83
0.01*
1.41
1.30
0.05
0.87
1.97
<0.01*
2.62
1.63
0.15
1.10
2.29
<0.01*
1.31
0.38
0.51
0.83
2.59
0.40
1.58
0.66
0.31
2.89
0.15
0.89
0.68
0.29
0.29
1.98
0.12
0.87
0.91
0.27
0.42
4.27
1.55
0.34

Table F.l: Comparison of the Native Elbow with the Ligament Repaired Elbow:
Internal External Forearm Kinematics
The statistical analysis resulting from the comparisons o f the kinematics o f the
native elbow with the ligament repair are presented above in each forearm
position (ie. Horizontal, Valgus, Varus, Vertical) in both active and passive
motion in pronated and supinated forearm flexion. Above, the first two letters o f
the condition indicate forearm position (Hz=horizontal, Vl-valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p= passive). A significant difference in the rotation o f the forearm was
detected in four forearm conditions (Hz-sa,Hz-sp, Vl-pp, and Vl-sp).
*

Indicates a statistically significant difference, defined as p<0.05
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Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
Vl-pp
VI-sa
Vl-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-pp
Vt-sa
Vt-sp

Varus Valgus
Angulation
Native Elbow vs. Ligament Repair
Significance
Mean
Standard
Difference Deviation
(degrees)
(degrees)
0.34
0.20
0.56
<0.01*
1.26
0.91
0.05
0.18
0.22
0.03*
1.34
1.37
0.94
0.02*
1.12
1.90
<0.01*
4.19
0.10
2.25
3.11
2.99
2.07
<0.01*
0.90
0.18
1.46
0.93
0.09
3.10
0.23
0.86
0.51
0.70
0.47
3.30
0.25
0.10
0.22
0.69
0.54
0.16
0.34
0.54
0.12
0.36
0.75
2.16

Table F.2: Comparison of the Native Elbow with the Ligament Repaired Elbow:
Varus Valgus Forearm Kinematics
The statistical analysis resulting from the comparisons o f the kinematics o f the
native elbow with the ligament repair are presented above in each forearm
position (ie. Horizontal, Valgus, Varus, Vertical) in both active and passive
motion in pronated and supinated forearm flexion. Above, the first two letters o f
the condition indicate forearm position (Hz=horizontal, Vl=valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p=passive). Statistically significant differences in the varus valgus
angulation o f the arm were found in five cases (Hz-pa, Hz-sp, Vl-pa, Vl-pp, VIsp).
*

Indicates a statistically significant difference, defined asp<0.05
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F .2 S t a t is t ic a l D a t a : C o m p a r in g C o r o n o id H e m i 
a r t h r o p l a s t y a n d C o r o n o id F r a c t u r e to
C o r o n o id C o n t r o l
Statistical data comparing the kinematic effects of coronoid hemi-arthroplasty and
coronoid fracture to the coronoid control are presented below. Tables F.l and F.2 present
statistical comparisons for internal external rotation and varus valgus angulation
respectively. Significance was defined at p<0.05.
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Coronoid Control Compared to Hemi
Arthroplasty Repair
Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
VI-pa
Vl-pp
Vl-sa
VI-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-PP
Vt-sa
Vt-sp

Significance

1.00
1.00
1.00
1.00
0.38
1.00
0.33
0.37
0.07
0.77
1.00
0.64
1.00
1.00
0.45
1.00

Mean
Difference
(degrees)
0.31
0.47
0.38
0.25
1.4
0.77
1.94
1.72
1.96
1.31
0.20
1.15
0.30
0.02
0.84
0.59

Standard
Deviation
(degrees)
1.83
2.03
1.44
2.30
2.15
2.44
2.75
2.77
1.50
3.01
1.86
2.37
1.25
2.44
1.47
2.88

Table F.3: Statistical Results for Internal External Forearm Kinematics - Coronoid
Control Compared to Hemi-Arthroplasty Repair
The statistical analysis resulting from the comparison o f the coronoid control
with the hemi-arthoplasty repair are presented above in each forearm position
(ie. Horizontal, Valgus, Varus, Vertical) in both active and passive motion in
pronated and supinated forearm flexion. Above, the first two letters o f the
condition indicate forearm position (Hz=horizontal, Vl=valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p=passive).
*

Indicates a statistically significant difference, defined as p<0.05
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Coronoid Control Compared to
Coronoid Fracture
Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
Vl-pp
VI-sa
Vl-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-PP
Vt-sa
Vt-sp

Significance

>0.01*
0.01*
0.13
0.12
0.09
0.03*
0.77
0.19
0.04*
>0.01*
0.01*
>0.01*
0.06
1.00
1.00
1.00

Mean
Difference
(degrees)
6.12
2.81
2.40
2.12
1.08
2.18
1.23
2.85
8.43
10.92
6.93
10.67
5.90
7.96
0.92
0.33

Standard
Deviation
(degrees)
3.50
1.92
2.74
2.36
1.01
1.69
2.60
3.65
5.42
3.35
3.13
3.46
4.94
2.22
2.93
4.01

Table F.4: Statistical Results for Internal External Forearm Kinematics - Coronoid
Control Compared to Coronoid Fracture
The statistical analysis resulting from the comparison o f the coronoid control
with the fractured coronoid are presented above in each forearm position (ie.
Horizontal, Valgus, Varus, Vertical) in both active and passive motion in
pronated and supinated forearm flexion. Above, the first two letters o f the
condition indicate forearm position (Hz=horizontal, Vl=valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p=passive).
*

Indicates a statistically significant difference, defined as p<0.05
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Coronoid Control Compared to Hemi
Arthroplasty Repair
Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
Vl-pp
Vl-sa
VI-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
vt-PP
Vt-sa
Vt-sp

Significance

1.00
0.61
0.74
0.45
1.00
0.56
1.00
0.98
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Mean
Difference
(degrees)
0.15
1.08
0.47
1.09
0.35
1.24
0.95
1.27
0.08
0.21
0.48
0.78
0.29
0.11
0.10
0.34

Standard
Deviation
(degrees)
1.08
2.19
1.05
1.91
2.01
2.39
3.61
3.39
1.47
2.66
1.46
2.23
1.13
1.49
1.19
1.81

Table F.5: Statistical Results for the Varus Valgus Angulation of the Forearm Coronoid Control Compared to Hemi-Arthroplasty Repair
The statistical analysis resulting from the comparison o f the coronoid control
with the hemi-arthroplasty repair are presented above in each forearm position
(ie. Horizontal, Valgus, Varus, Vertical) in both active and passive motion in
pronated and supinated forearm flexion. Above, the first two letters o f the
condition indicate forearm position (Hz=horizontal, Vl-valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p=passive).
* Indicates a statistically significant difference, defined as p<0.05
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Coronoid Control Compared to
Coronoid Fracture
Condition

Hz-pa
Hz-pp
Hz-sa
Hz-sp
Vl-pa
Vl-pp
Vl-sa
VI-sp
Vr-pa
Vr-pp
Vr-sa
Vr-sp
Vt-pa
Vt-pp
Vt-sa
Vt-sp

Significance

0.04*
0.78
0.26
0.94
0.83
1.00
1.00
1.00
0.11
>0.01*
0.05*
>0.01*
0.07
1.00
0.13
1.00

Mean
Difference
(degrees)
2.43
0.81
0.93
0.71
0.96
0.66
1.38
0.69
2.77
5.73
5.80
8.38
4.19
0.29
1.23
0.46

Standard
Deviation
(degrees)
2.07
1.88
1.31
1.85
2.13
2.29
3.56
2.87
2.37
3.39
4.61
4.28
3.64
1.83
1.41
2.61

Table F.6: Statistical Results for the Varus Valgus Angulation of the Forearm —
Coronoid Control Compared to Coronoid Fracture
The statistical analysis resulting from the comparison o f the coronoid control
with the fractured coronoid are presented above in each forearm position (ie.
Horizontal, Valgus, Varus, Vertical) in both active and passive motion in
pronated and supinated forearm flexion. Above, the first two letters o f the
condition indicate forearm position (Hz=horizontal, Vl=valgus, Vr=varus,
Vt=vertical), the third letter indicates pronation or supinated (p=pronation,
s=supination) and the fourth letter indicates active or passive forearm motion
(a=active, p=passive).
*

Indicates a statistically significant difference, defined as p<0.05

